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Abstract 

Multiple sclerosis (MS) is an inflammatory disease of the central nervous system characterized 

by damage to the myelin sheaths that surround nerve axons. Inflammatory damage to the myelin 

sheath leads to severe physical disability in patients. Whereas approved disease modifying 

treatments are available for relapsing-remitting forms of MS, there are no approved treatments 

for the progressive stages, leaving approximately 50% of MS sufferers without treatment. 

Therefore, there is an urgent need for development of effective alternatives. 

Atypical antipsychotic agents used for treating schizophrenia have recently been recognized for 

their immune-modifying properties and our laboratory has shown previously that treating mice 

with risperidone or clozapine reduces the severity of disease in experimental autoimmune 

encephalomyelitis (EAE), an animal model for MS.  Although atypical antipsychotic agents 

like clozapine have been used in the clinic for almost 60 years, there is very little experimental 

data that describes the mechanism by which atypical antipsychotic agents like clozapine are 

able to modify the immune response. This thesis aimed to describe the immunological 

mechanisms by which clozapine is able to reduce EAE disease and to determine the underlying 

cellular signalling alterations that occur during treatment to facilitate immune modifying 

properties.  

In vitro experiments showed that clozapine can impair induction of Th1 and Th17 cells while 

promoting the differentiation of iTreg and increasing Foxp3 expression. However, although 

clozapine effectively delayed disease onset and reduced the severity of EAE, the therapeutic 

effect of clozapine was not associated with impaired capacity to induce antigen specific Th1 or 

Th17 responses in the periphery. Moreover, Treg function was dispensable for disease 

protection by clozapine.  Instead, disease protection by clozapine was associated with a 

suppressed state of activation in CNS resident microglia and infiltrating monocytes assessed by 

flow cytometric measurement of activation associated receptor expression. In vitro experiments 

using primary macrophage cell culture revealed that clozapine can alter the activation of 

activated macrophages towards a less inflammatory state directly. Interestingly, the altered state 

of activation in primary macrophages was not associated with detectable changes in cell 

signalling pathways known to mediate activation.  

This thesis demonstrated that clozapine treatment protects from EAE by a multi-faceted 

immunological mechanism that likely involves modifying multiple pathways and cell types 

during EAE and may be of therapeutic benefit to MS patients in the progressive stages of 
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disease.  Finally, this thesis also has relevance to psychiatry as it demonstrates that clozapine 

has potential to alter cellular immune responses. 
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1.1 Immunity 

The mammalian body is protected from infectious and pathogenic organisms by a variety of 

different cells and organs that make up the immune system. To protect from potentially 

damaging organisms, the immune system must be able to identify and respond to the presence 

of a pathogen and rapidly control it. The early response to conserved pathogen structures is 

initiated by cells of the innate immune response through the use of germ-line encoded receptors 

for rapid identification (Takeuchi & Akira, 2010). However, due to the relatively high rate of 

evolution in micro-organisms, the immune response must be able to adapt to respond to new 

and unfamiliar pathogens. The adaptive immune response has the capacity to develop highly 

specific pathogen recognition mechanisms and memory, allowing for a more specific response 

and efficient response during subsequent infections. Both the innate and adaptive immune 

responses work together to eradicate infection and have remarkable capacity to recognize an 

extraordinary number and variety of structures that can be found on invading organisms; as a 

consequence, they are also able to recognize structures from the host itself. Highly efficient 

checkpoints and regulatory mechanisms are in place to prevent the immune system from 

recognizing host tissue as foreign and maintaining immune tolerance; however, some self-

reactive cells may escape self-tolerance mechanisms and cause inflammatory damage to host 

tissue. This is known as autoimmunity. 

1.2 The innate immune response 

For an individual to be protected against infectious diseases, the immune system must be able 

to recognize the presence of an infection as quickly as possible to minimize the spread and 

replication of the pathogen. This response is initiated by the innate immune system, which is 

capable of recognizing conserved patterns commonly found on micro-organisms like bacteria, 

parasites and fungi. These patterns are pathogen associated molecular patterns (PAMP) and are 

recognized by a wide range of germ line encoded pattern recognition receptors (PRR) 

expressed on several different immune cells of the innate immune system, namely, 

macrophages, monocytes, mast cells, dendritic cells and granulocytes. PAMP are generally 

required for the survival of invading micro-organisms and are therefore highly conserved 

among micro-organisms. PRR evolved to recognize those conserved structures on micro-

organisms that are not expressed in host tissue such as lipopolysaccharides (LPS) in gram 

negative bacteria (Takeuchi & Akira, 2010). 
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 Activation of these receptors results in a cell signalling cascade that ultimately causes the 

secretion of molecules to induce inflammation and recruit other immune cells, directing the 

immune response. Toll-like receptors (TLR) are an important class of PRR and are collectively 

able to recognize structures on a wide range of bacteria, fungi, parasites, viruses and even 

molecules derived from host cells. The activation of each of these receptors results in distinct 

signalling and gene expression that drives the activation of the innate immune system and the 

type of adaptive immune response that is required to eliminate the pathogen (Akira & Takeda, 

2004). 

Dead or dying cells release damage associated molecular patterns (DAMP) such as DNA, 

RNA, ATP, uric acid and heparin sulphate that are also recognised by PRR and like PAMP, 

are able to initiate or enhance an immune response to damage or infection (Tang, Kang, Coyne, 

Zeh, & Lotze, 2012). However, in some cases this may also lead to aggravated autoimmune 

inflammation like in systemic lupus erythematosus and rheumatoid arthritis (Land, 2015). 

In addition to pathogen recognition, a group of innate immune cells are capable of 

phagocytosis; the ability to engulf micro-organisms, dead cells and other debris (Underhill & 

Goodridge, 2012). Cells that are capable of phagocytosis like macrophages and dendritic cells 

are often known to be able to process antigens derived from ingested micro-organisms and 

present them to the adaptive immune system, generating and directing the adaptive immune 

response with specificity for the antigen that is being presented (Iwasaki & Medzhitov, 2015). 

Antigen presentation by antigen presenting cells (APC) like dendritic cells and macrophages 

produce an array of cytokines to send signals in an autocrine, paracrine and endocrine manner 

that can direct adaptive immune responses and general inflammation. 

Granulocytes such as neutrophils, eosinophils and basophils are components of the innate 

immune system and play important parts in the immune response to invading pathogens, 

particularly during parasitic infections due to their killing properties and ability to promote 

humoral immunity (Cadman & Lawrence, 2010). Granulocytes are released from the bone 

marrow to circulate in the blood where they migrate into tissues under inflammatory 

conditions. Granular in nature, the granulocytes are highly capable killers as they are able to 

rapidly secrete antimicrobial factors stored in intracellular granules. Neutrophils are one of the 

key cell types involved in innate immunity to infection. They response rapidly to infection and 

are highly capable killers, but have a short lifespan of only 6-8 hours (Summers et al., 2010). 
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Monocytes continually circulate in the blood stream and enter tissues during an insult such as 

an infection, mature into macrophages and are crucial for clearing pathogens from the body. In 

the absence of infection, tissue-resident macrophages populate most tissue such as microglia 

in the central nervous system (CNS). These tissue-resident macrophages do not arise from 

blood derived monocytes but develop early during foetal development, primarily from yolk-

sac derived erythro-myeloid progenitors (Gomez Perdiguero et al., 2015). Tissue-resident 

macrophages play important roles in tissue homeostasis by responding to infection, clearing 

debris, promoting wound repair and even contributing to the regulation of tissue metabolism 

(Wynn, Chawla, & Pollard, 2013). As a consequence, macrophages can also contribute to 

disease, driving the damaging inflammatory process in many autoimmune and inflammatory 

diseases such as multiple sclerosis (Bogie, Stinissen, & Hendriks, 2014; Krausgruber et al., 

2011). 

1.3 The adaptive immune response 

While innate immune cells are the first responders to infection, they can only react to conserved 

patterns and utilize non-specific defence mechanisms.  Due to the high rates of evolution, 

diversity and mutation in micro-organisms, the immune system must be able to adapt to 

changes rapidly. This task is performed by the adaptive immune system, primarily consisting 

of lymphocytes. Lymphocytes consist of B and T cells which produce highly specific 

antibodies while T cells provide antigen specific cell mediated immunity, either by 

perpetuating the immune response or direct cytotoxic function.  Lymphocytes achieve this task 

effectively and with high specificity by randomly generating highly variable and specific 

antigen receptors on both B lymphocytes and T lymphocytes. This process in theory, can 

generate a colossal 1x1020 possible combinations (Lieber, 1991) but of course, many of the 

randomly generated antigen receptors are non-functional or have potential to be self-reactive; 

therefore selection mechanisms are in place to delete auto-reactive cells. T cells that express T 

cell receptors which bind to self-MHC molecules that triggers a TCR signal exceeding a certain 

“threshold” are deleted during negative selection to prevent potentially auto-reactive TCRs 

from escaping into the periphery. In contrast, T cells that express a TCR that is unable recognise 

MHC and generate a signal undergo death by neglect as they do not receive the survival signals 

required for maturation and survival (Klein, Kyewski, Allen, & Hogquist, 2014).  
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Lymphocytes expressing functional but non-self-reactive antigen receptors are released into 

the peripheral repertoire and thus the actual number of unique receptors is 2x106 in mice 

(Casrouge et al., 2000) and 2x107 in humans for T cells (Miles, Douek, & Price, 2011). 

Lymphocytes mature from a common lymphoid progenitor in the bone marrow. Whereas B 

cells mature and develop highly specific B cell receptors in the bone marrow (LeBien & 

Tedder, 2008), T cells migrate to the thymus where they undergo interrogation of their antigen 

receptors, a process called positive and negative selection, before entering the circulation 

(Klein et al., 2014). Additionally, the process of thymic selection and the signal strength each 

T cell receives can influence its developmental pathway. For example, T cells that receive a 

strong TCR signal that does not exceed the threshold for negative selection may differentiation 

into natural Treg (nTreg) (Hsieh, Lee, & Lio, 2012).  

1.3.1 Antigen recognition by T cells 

T cell antigen receptors or T cell receptors (TCR) recognize antigens only as part of a complex 

with a self major histocompatibility complex (MHC) molecule. Therefore, as part of the 

selection process, TCR must be able to recognize self-MHC molecules in complex with a 

peptide. There are two classes of MHC molecules and both consist of two polypeptide chains, 

the MHC Class I and II; both serving distinct functions. MHC Class I molecules are made up 

of an α chain and a β2-microglobulin (Vitiello, Potter, & Sherman, 1990). Typically, MHC 

Class I molecules present peptides from intracellularly derived antigens i.e viral proteins 

produced by the host cell during viral infection. These cells acquire help from cytotoxic T cells 

by interacting with their TCR and CD8 co-receptor through MHC Class I to eliminate the cells 

harbouring viruses .   

MHC Class II molecules are made up of an α and a β chain, and typically present antigens that 

is derived extracellularly. i.e phagocytosis of a bacterium. MHC Class II molecules interact 

with CD4 on helper T cells that provide help signals for eliminating the pathogen as well as 

activating the adaptive immune response (Neefjes, Jongsma, Paul, & Bakke, 2011). Both MHC 

molecules are highly polymorphic at the area of peptide binding to allow the loading of peptides 

from a vast array of sources. Conventional T cells that are MHC restricted consist of α and β 

polypeptide chains linked by a disulphide bond. The α and β chains consist of two domains 

that resemble the variable (V), joining (J) and constant (C) domains of immunoglobulins. The 

β chain also has a diversity (D) gene segment (Nemazee, 2006). Each of these domains are 



	 21 

encoded by multiple gene segments in the genome and are randomly combined to form a TCR 

repertoire that is highly polymorphic and has potential to create over 1x1020 different 

combinations of αβ TCR (Lieber, 1991).  

1.3.2 Antigen recognition by B cells 

In contrast to TCR, B cell receptors (BCR) have two antigen binding sites and can be secreted 

as antibody (i.e. immunoglobulin; Ig). Unlike TCR, BCR or antibodies can bind directly to an 

antigen and does not require presentation by MHC. Like T cells, an enormous collection of B 

cells develops in the immune system such that they are collectively able to recognize a vast 

array of foreign bodies and molecules. Immunoglobulins are structured proteins composed of 

an antigen-binding region called the variable region (V) and a constant region (C) that allows 

recognition by host immune cells. Like T cells, B cells create an enormous immunoglobulin 

repertoire by genetic re-arrangement of the V region coded by their immunoglobulin genes. In 

addition, B cells further mature and develop highly specific antibodies and receptors by somatic 

hypermutation, which randomly introduces point mutations in the BCR. By natural selection, 

BCR with higher affinity are selected into the repertoire. High affinity BCR can then be 

secreted by B cells to provide circulating antibodies that act as the first line of defence to 

subsequent infections or insults (Kurosaki, Kometani, & Ise, 2015). 

1.3.3 T helper cell subsets 

Helper T cells interact with MHC Class II via their CD4 receptor. Activated helper T cells 

direct immune responses by producing a diverse and ordered set of cytokines, each set specific 

for the type of immune response. In addition, helper T cells activate B cells and also regulate 

the magnitude of an immune response. T helper cells achieve these tasks by differentiating into 

distinct effector T cell subsets, the core group of which consists of Th1, Th2, Th17 and 

regulatory T cells (Treg) (Harrington et al., 2005; Mosmann & Coffman, 1989; Wan, 2010). 

Th1 cells mount an immune response that is efficient for eliminating intracellular bacteria, 

viruses and even cancer cells. Th1 cell development is controlled by the master regulatory 

transcription factor T-bet when T helper cell activation occurs in the presence of IL-12 

(Lazarevic, Glimcher, & Lord, 2013), typically produced by activated APC. Th1 cells produce 

IFN-γ to promote inflammatory responses in innate immune cells making them more effective 

at eliminating intracellular pathogens including viruses. As a mechanism of preventing an 



	22 

inappropriate immune response to an infection, IFN-γ negatively regulates the development of 

other T cell subsets like Th2 as these may not be useful during intracellular infections. In 

addition, Th1 cytokines promote cytotoxic T cell responses to viruses, bacteria and even host 

cells. Due to these functions, Th1 cells are implicated in many autoimmune and inflammatory 

disorders such as multiple sclerosis (Fletcher, Lalor, Sweeney, Tubridy, & Mills, 2010) and 

type I diabetes (Phillips et al., 2009; Walker & von Herrath, 2016). 

Th2 cells generate a different functional response which is better suited for the clearance of 

extracellular pathogens and parasites. They promote antibody responses and effector functions 

of granulocytes and consequently are involved in the pathological mechanisms of allergy and 

asthma (H. Y. Kim, DeKruyff, & Umetsu, 2010; Paul & Zhu, 2010). The transcription factor 

GATA3 regulates the development of Th2 cells from IL-4 signalling (Ho, Tai, & Pai, 2009). 

Th2 cells produce IL-4, IL-5, IL-10 and IL-13 which promote a humoral immune response that 

is less harmful in an autoreactive response and limits the extent of harmful Th1 immune 

responses (Wynn, 2015). 

Th17 cells were a more recently discovered Th cell subset and are distinct from Th1 and Th2 

cells by producing IL-17A and GM-CSF. These cytokines are under the control of the master 

regulator of Th17 cells, RORγT (Codarri et al., 2011; Ivanov et al., 2006) and is now used as a 

marker to differentiate this lineage from other T helper subsets. Unlike Th1 and Th2 cells, Th17 

cells differentiate in the presence of IL-6 and TGF-β which induces the expression of RORγT 

(Ivanov et al., 2006). Th17 cells support neutrophil responses and like Th2 cells, are important 

for clearance of extracellular bacteria and parasites. However, they also have tissue damage 

promoting functions and are key players in autoimmune and inflammatory disease like multiple 

sclerosis (Fletcher et al., 2010).  

One of the most important subsets in maintaining immune homeostasis are regulatory T cells 

(Treg). They have a very different role to many of the other Th subsets and have 

immunosuppressive qualities to limit potential damage to host tissues (Yamaguchi, Wing, & 

Sakaguchi, 2011) by excessive inflammatory response or self-reactive T cells which may have 

escaped negative selection in the thymus (Wing & Sakaguchi, 2010). Several subsets of 

regulatory T cells have been described. The most common and most studied are the CD4+ and 

CD8+ Treg. Development of this unique phenotype is controlled by the transcription factor 

Foxp3, which is required for their regulatory properties (Hori, Nomura, & Sakaguchi, 2003). 

Loss of the Foxp3 gene in mice results in global autoimmunity (J. M. Kim, Rasmussen, & 
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Rudensky, 2007) highlighting the key role Treg play in maintaining immune tolerance. It is 

noteworthy to mention that more recently, a new subset of regulatory cells were discovered. 

These were immunosuppressive B cells (Fillatreau, Sweenie, McGeachy, Gray, & Anderton, 

2002) and are named regulatory B cells or Breg (Rosser & Mauri, 2015). 

1.3.4 Cytotoxic T cells 

In a similar manner to T helper cells, cytotoxic T cells interact with MHC Class I through their 

TCR and CD8 receptor. MHC Class I molecules present antigens that are endogenous to the 

cell such as abnormal or virally encoded proteins. Presentation of these antigens typically 

indicates an abnormal or virally infected cell that must be eliminated to prevent replication or 

spread. This task is performed by the CD8 T cell, which produces cytotoxic granzyme and 

perforin to kill cells directly. In addition, CD8 T cells can induce apoptosis by Fas ligand 

interactions (Barry & Bleackley, 2002).  

Antigens presented on MHC Class I are typically derived from endogenous antigens that have 

been processed through the proteasome and are indicative of viral infection, cellular damage 

or mutation (Hansen & Bouvier, 2009). In contrast, antigens presented on MHC Class II are 

exogenously derived by endocytosis and are loaded onto MHC Class II (Roche & Furuta, 

2015). In general, exogenously derived antigens cannot be loaded onto MHC Class I and 

endogenously derived peptides cannot be loaded onto MHC Class II as they do not share the 

same processing pathway. However, antigen presenting cells, particularly dendritic cells have 

a specialised function called cross-presentation which allows endogenously loaded antigens to 

be presented onto MHC Class I . Cytotoxic T cells are also capable of being activated by 

exogenous ligands through a process of cross-presentation by dendritic cells (Milo et al., 2013).  

Unfortunately, like CD4 T cells, CD8 T cells develop their TCR in the same manner and are 

susceptible to recognizing self-antigens. Failure of self-tolerance mechanisms can lead to CD8 

mediated autoimmunity such as type I diabetes where insulin producing β-cells in the pancreas 

are destroyed by CD8 T cells (Bulek et al., 2012; Pinkse et al., 2005; Toma et al., 2005). In 

addition, while CD4 T cells are the major contributors to diseases like MS, CD8 T cells are 

also known to promote disease, although their role is less clear (Huseby, Huseby, Shah, Smith, 

& Stadinski, 2012). 
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1.3.5 The lymphatic system 

Because only a few lymphocytes expressing a certain antigen receptor are circulating at any 

one time, the chances of a T cell encountering an APC carrying its cognate antigen in the body 

are relatively slim. Thus, this process is made more efficient by the lymphatic system which 

consists of vessels that transport interstitial fluids or lymph from tissues back into the 

circulatory system. Around 450 lymph nodes are scattered throughout the body interconnected 

by lymphatic vessels, and these are the sites in which T cells and APC meet after leaving tissue 

(Girard, Moussion, & Forster, 2012). Typically, when an antigen-presenting cell such as a 

dendritic cell encounters an antigen in peripheral tissue, DC migrate out of the tissue through 

lymphatic vessels and into lymph nodes where they can encounter naïve T cells that sample 

their antigens for a cognate peptide/MHC complex. Naïve T cells survey lymph nodes in the 

body by trafficking across sphingosine-1-phosphate (S1P) gradients. Activated T cells migrate 

out of lymph nodes towards an S1P gradient (Maceyka & Spiegel, 2014). This feature of T cell 

activation in lymph nodes has been targeted as a therapeutic option for limiting T cell mediated 

diseases. Indeed, treatment with Fingolimod inhibits the trafficking of T cells towards the S1P 

gradient, retaining activated T cells in the lymph nodes and limiting relapse in RRMS patients 

(Aktas, Kury, Kieseier, & Hartung, 2010).  

1.4 Leukocyte trafficking 

Immune cells such as lymphocytes and dendritic cells are incredibly mobile and traffic from 

the blood or lymphatic vessels into lymph nodes and tissue by a process called extravasation. 

Firstly, during an inflammatory response, leukocytes are activated by PAMPs or DAMPS 

leading to the production and secretion of pro-inflammatory cytokines and chemokines. These 

inflammatory mediators released from the site of infection or damage activates nearby 

endothelial cells that line the blood vessels to express E-selectin and P-selectin. These selectins 

mediate the transient attachment of leukocytes to the endothelium and escape the flow of blood 

(McEver, 2015). This transient interaction enables leukocytes to roll along the endothelium 

and is guided by inflammatory cytokines and chemokines. Leukocytes then activate integrin 

molecules that attach to VCAM1 and ICAM1 molecules. This interaction enables the 

transmigration of leukocytes in between endothelial cells and into the inflamed tissue. 

Specifically, in EAE it has been shown that the α4β1-integrin mediates the attachment of 

inflammatory lymphocytes to VCAM-1 on the inflamed brain endothelium (Lobb & Hemler, 

1994) and that blocking this integrin with specific monoclonal antibodies limits EAE disease 
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(Kent et al., 1995). This treatment has later proven to be effective in RRMS and reduced relapse 

rate up to 68% (Polman et al., 2006).  

 

1.5 Antigen presentation – bridging the innate and adaptive immune response 

Antigen presentation by MHC Class I and II molecules are absolutely essential for activation 

of T cells as their antigen receptors only recognize antigen in the context of MHC. The most 

competent APC of the immune system are the dendritic cells and macrophages.  Dendritic cells 

are known as professional APC as they are continually sampling antigens from the periphery 

and presenting antigens to T cells in lymphatic organs. Antigens derived from the proteasome 

in the cytoplasm (i.e viral or cancerous antigens) are presented on MHC Class I whereas 

antigens that undergo proteolysis in endosomes and lysosomes are generally presented onto 

MHC Class II (Neefjes et al., 2011).  

Mature T cells that have not yet recognized a specific antigen are known as naïve T cells. Naïve 

T cells circulate from the blood through lymphoid tissues to survey antigen-presenting cells 

that have migrated to a lymphoid tissue. Once an antigen-presenting cell like a dendritic cell 

(DC) encounters an antigen, the DC migrates to a lymphoid tissue and presents the antigen in 

complex with a major histocompatibility complex (MHC) to a naïve T cell expressing a 

complementary TCR which initiates a signalling cascade inducing T cells to proliferate and 

become effector cells (Zhu, Yamane, & Paul, 2010). This signalling cascade recruits the key 

signalling protein phospholipase C-γ (PLC-γ) to the membrane, however, PLC-γ requires 

activation by the tyrosine kinase Itk on the membrane (Smith-Garvin, Koretzky, & Jordan, 

2009). This task is performed by ligation of CD28 from co-stimulatory molecules such as 

CD80 and CD86 expressed by APCs like DC (Lenschow, Walunas, & Bluestone, 1996). 

During an infection or inflammatory response, APC up-regulate the expression of CD80 and 

CD86 molecules (F. Zhou et al., 2012). CD28 on the T cell are part of the immunological 

synapse formed when TCR interact with an APC and activates another signalling cascade 

which leads to the phosphorylation of Itk and then allows PLC-γ to become fully activated and 

enhance T cell activation (Acuto & Michel, 2003). In addition, T cells can also express and up-

regulate co-inhibitory molecules such as cytotoxic T lymphocyte antigen-4 (CTLA-4) after 

activation that also binds and competes for CD80 to inhibit inflammatory responses (Alegre, 

Frauwirth, & Thompson, 2001). Therefore, co-stimulation has a critical role in determining the 
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outcome of T cell activation. T cells differentiate depending on the type of signals provided 

during priming and this interaction has capacity to direct inhibition, activation, differentiation 

and the survival of T cells; directing an effective immune response without damaging host 

tissue.  

Co-stimulatory molecules also direct the differentiation of T cells into different T cell subsets. 

For example, SLAM molecules expressed by APC promote the production of IL-4 from T cells 

during activation (Cannons, Tangye, & Schwartzberg, 2011) whereas CD27 promotes the 

differentiation of Th1 cells (van Oosterwijk et al., 2007). APC further control the T cell 

response by the cytokines produced during activation as previously discussed in this chapter. 

Finally, recent studies have demonstrated that APC encountering bacterial antigens drive an 

IFN-γ-producing Th1 response (W. S. Kim et al., 2016) whereas APC that encounter parasite 

derived antigens drive IL-4-producing Th2 cells (Connor, Tang, Camberis, Le Gros, & 

Ronchese, 2014), highlighting the importance of the APC in directing effective T cell 

responses. 

1.6 Immunological tolerance 

In order for the immune system to recognize foreign entities that have never been encountered, 

the immune system must be able to recognize almost every chemical structure imaginable. To 

achieve this, the adaptive immune system must be able to create a diverse set of antigen 

receptors, namely, the BCR and TCR. The mammalian immune system generates a diverse 

repertoire of BCR and TCR through a process of random somatic recombination of the variable 

(V), diversity (D) and joining (J) gene segments (Schatz & Ji, 2011). In theory, this genetic 

recombination can create up to 1020 different TCR allowing for astounding ability to recognize 

chemical moieties from all sorts of foreign entities. Around 90% of these die due to a lack in 

TCR signalling as they are essentially useless TCRs (Lu et al., 2000). The random nature of T 

cell and B cell development, between 20% and 50% of these have the potential to recognize 

host antigens. Therefore, the immune system must have regulatory checkpoints to maintain 

immunological tolerance of host tissue. To achieve this, lymphocytes undergo multiple 

regulatory barriers. Firstly, lymphocytes bearing self-reactive receptors are deleted by inducing 

apoptosis, a process called negative selection. Secondly, B cells can undergo receptor editing 

to become less reactive or become anergic and finally, self-reactive lymphocytes can become 

regulatory cells to limit their auto-reactivity even though they are present in the peripheral 

tissue  (Luning Prak, Monestier, & Eisenberg, 2011). Although these are efficient processes, 
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some auto-reactive cells do escape the selection process in the thymus and circulate in the 

periphery. These are normally kept under control by peripheral tolerance mechanisms of Tregs, 

which are also auto-reactive but have potent immunosuppressive properties (Vignali, Collison, 

& Workman, 2008). Altogether, these mechanisms are highly effective at controlling self-

tolerance with only 3% of the human population developing an autoimmune disease. Failure 

of these regulatory mechanisms in autoimmune disease eventuates from genetic predisposition, 

usually associated with MHC variants (Cho & Feldman, 2015) as well as environmental 

factors.  

1.6.1 Central Tolerance 

Central tolerance is established by deletion of self-reactive T cells that are generated from 

random re-arrangement of the TCR. Immature T cells enter the thymus and begin development 

and interrogation of their TCR by peptide:MHC interactions. Between 70-90% of T cells do 

not encounter productive peptide:MHC interactions because they are non-functional and 

undergo apoptosis (Lu et al., 2000). When T cells undergo selection, they express both CD4 

and CD8 co-receptors and depending on whether the TCR interacts with an MHC Class I or 

MHC Class II molecule determines its fate of becoming either a cytotoxic T cell or a helper T 

cell (Klein et al., 2014).  For example, if a double positive T cell interacts with an MHC Class 

II molecule, the CD4 co-receptor is kept while CD8 is lost during maturation into a single 

positive lymphocyte. Interestingly, the affinity for the peptide:MHC interaction also dictates 

the fate of the T cell. Interactions that reach a high affinity over a certain threshold are 

automatically deleted or induced to become thymus-derived nTreg. These thymus-derived 

nTreg are allowed to escape into the periphery but are regulatory in nature and act to limit 

autoimmune reactions. This is an important feature of maintaining central tolerance and 

prevents auto-reactive T cells with high affinity from escaping selection. 

1.6.2 Peripheral Tolerance 

Central tolerance mechanisms are not fool proof, and some self-reactive T cells escape into the 

periphery. These self reactive T cells must be kept in check by regulatory mechanisms. One of 

the key mechanisms that the immune system regulates autoimmune responses by self-reactive 

T cells are by the function of Tregs which protect the host from inflammatory damage induced 

by inflammation from an infection or an autoimmune response. Tregs develop from two 

distinct mechanisms. Firstly, natural Tregs (nTreg) develop in the thymus during normal T cell 
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development and undergo positive and negative selection. In contrast to conventional T cells, 

nTregs generally receive a stronger TCR signal during negative selection and are directed 

towards the nTreg lineage and express the transcription factor Foxp3.  T cells that receive even 

stronger TCR signals are deleted (Maloy & Powrie, 2001). Induced Tregs (iTregs) develop in 

the periphery from Foxp3- CD4 T cells during inflammatory responses to further control 

inappropriate immune responses. This subset of Treg can be induced in vitro by TCR 

stimulation in the presence of IL-6 and TGF-β. Both natural and induced subsets are understood 

to be important for maintaining immune homeostasis (Schmitt & Williams, 2013).  

 

Tregs regulate the immune system and suppress inappropriate immune responses through a 

number of mechanisms. Firstly, when nTregs encounter a self-antigen in the periphery, they 

can become activated and secrete inhibitory cytokines such as IL-10 and TGF-β to limit 

inflammation. In addition, these cytokines also contribute to the development of iTregs in the 

periphery. Tregs can also inhibit inflammatory responses from T cells by disrupting cellular 

IL-2 signaling by expressing high levels of IL-2 receptor to deplete IL-2 from effector T cells. 

Tregs can also have immunosuppressive effects through direct cell-cell contact. CTLA-4 

interactions with CD80 and CD86 can activate the indoleamine 2,3 dioxygenase pathway in 

dendritic cells which can suppress T cell responses (Vignali et al., 2008). Loss of Treg function, 

by mutations in the FOXP3 gene cause a systemic autoimmune inflammation that is 

characterised by hyperproliferation of lymphocytes in both mice and humans (Ziegler, 2006). 

Their importance is further highlighted by studies that show Tregs are crucial for protection 

against diabetes, asthma, inflammatory bowel disease and other inflammatory disorders 

(Sakaguchi et al., 2001; Xystrakis, Boswell, & Hawrylowicz, 2006).  

1.7 The blood-brain barrier 

The blood brain barrier separates the peripheral circulatory system from the central nervous 

system in order to protect the CNS from harmful toxins, pathogens and other molecules. 

Simultaneously, the blood brain barrier tightly controls the entry of ions, glucose and other 

nutrients to meet the demands of the CNS. To achieve this barrier function, the endothelial 

cells that line the cerebral blood continuously form tight junctions in between them, lack 

fenestrations and are poor at transcytosis(Abbott, Ronnback, & Hansson, 2006). All of these 

features of CNS endothelial cells are in place to regulate the CNS environment; limiting the 

entry of nutrients, oxygen, ions, proteins, peptides and other small molecules across the blood 
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brain barrier. In addition, unlike peripheral tissues, the blood brain barrier in a resting state 

protects the CNS from peripheral immune cell infiltration by its low resting expression of 

leukocyte adhesion molecules during the steady state. However, in order to protect CNS 

tissue from infection and other insults, the blood-brain barrier endothelial cells can express 

leukocyte adhesion molecules to allow the trafficking of inflammatory cells into the CNS.  

The protective nature of the blood-brain barrier prevents the entry of small molecules larger 

than 500 Da, from the blood into the CNS (Pardridge, 2005a). This size restriction limits 

almost all protein or antibody based therapeutics from entering the CNS. In addition, studies 

have shown that the lipophilicity and ionic charge also contribute to the diffusion properties 

of the molecule (Pardridge, 2005b), making it extremely challenging to design effective 

therapeutic interventions for CNS diseases, particularly for progressive forms of MS, where 

the site of inflammation is trapped within an intact blood brain barrier (Lassmann, van 

Horssen, & Mahad, 2012).  

 

1.8 Multiple Sclerosis 

MS is the most common autoimmune disease of the central nervous system affecting over 2.5 

million people worldwide and around 4000 people in New Zealand. It is characterized by the 

presence of sclerotic plaques in the brain and spinal cord caused by the infiltration of 

inflammatory immune cells leading to the demyelination of neuronal axons. This 

demyelination impairs signal transduction, and if not repaired or remyelinated will eventually 

progress to accumulating cognitive and physical disability. Almost half of all MS patients will 

require the use of a wheelchair 25 years from initial diagnosis, posing a significant burden on 

the quality of life for sufferers and healthcare. Approximately 85% of diagnosed sufferers are 

diagnosed with relapsing-remitting MS (RRMS) typically presenting first with an acute attacks 

of neurological dysfunction followed by periods of remission where some of the symptoms 

may subside. Most commonly, the recovery periods shorten with age while disability 

continually accumulates. Almost 50% of all RRMS patients will progress into secondary 

progressive multiple sclerosis (SPMS), where inflammatory attacks are no longer followed by 

periods of remission and instead enter into the progressive stage of disease in which new lesions 

continue to form and clinical complications accumulate without periods of recovery. Not all 
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patients first present with RRMS but instead some experience progressive disease from the 

beginning. This type of MS is primary progressive MS (PPMS) (Lublin & Reingold, 1996).  

The cause and triggers of MS are still unknown, although multiple risk factors including 

genetics (Gourraud, Harbo, Hauser, & Baranzini, 2012) and previous infections with certain 

pathogens have been identified (Ascherio & Munger, 2007). A common theory among many 

investigators is that an autoimmune reaction is initiated against myelin antigens in the brain, 

resulting in the immune recognition of the myelin sheath surrounding neuronal axons as foreign 

by T cells. Thus an adaptive immune response is initiated in the CNS, recruiting inflammatory 

cells such as monocytes that destroy the myelin sheath (Dendrou, Fugger, & Friese, 2015). The 

myelin sheaths surrounding neuronal axons are critical for signal transmission, and their 

damage leads to the clinically observed symptoms of MS.  

This immunological theory of MS has led to the extensive use of experimental autoimmune 

encephalomyelitis (EAE) as an animal model for MS. EAE is induced by immunization of mice 

with myelin-derived antigens in an adjuvant to induce inflammatory demyelination 

(Constantinescu, Farooqi, O'Brien, & Gran, 2011) that models certain aspects of MS. Use of 

this model by researchers has led to the development and approval of natalizumab (T. A. 

Yednock et al., 1992), glatiramer acetate (Teitelbaum, Meshorer, Hirshfeld, Arnon, & Sela, 

1971) and mitoxantrone (Ridge et al., 1985) for the treatment of MS. These drugs target 

mechanisms involved in the inflammatory response by modifying the macrophages and T cells 

known to be critical for disease. 

While all clinical forms of MS are mediated by the inflammatory response, there is still much 

heterogeneity in the pathological mechanism. Specifically, RRMS patients normally present 

with impaired blood-brain barrier (BBB) integrity and subsequent infiltration of inflammatory 

lymphocytes and monocytes into the CNS from the periphery. In contrast, progressive forms 

of MS present with only mild BBB impairment and minimal infiltration of inflammatory cells 

from the periphery despite ongoing inflammation in the CNS (Hochmeister et al., 2006). These 

studies suggest that inflammation in progressive MS is sequestered to the CNS and is 

physically isolated from the involvement of the peripheral immune system due to minimal 

disruption of the BBB. Thus, perpetuation of the inflammatory response in progressive disease 

is attributed to microglia and macrophages and their importance make them a potentially 

effective target for treating CNS inflammatory disease, however, drugs that target these cells 

must also be able to readily cross the BBB.  
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Currently, patients at the progressive stages of disease have no effective treatment options 

available to them as currently approved MS therapeutics are effective only in RRMS (Feinstein, 

Freeman, & Lo), thus there is an urgent need for alternative therapies. This is not surprising 

given that current agents either target the trafficking of peripherally derived cells into the CNS 

like fingolimod and natalizumab; or they are incapable of crossing the BBB effectively, as the 

BBB prevents molecules such as beta-interferons and glatiramer acetate from entering the 

CNS. Therefore, in principle, therapeutic agents that can cross the BBB and modulate the 

inflammatory response in the CNS may offer means by which inflammatory damage and 

clinical disability can be minimized during the progressive forms of MS.  

1.9 Experimental autoimmune encephalomyelitis as a model for CNS inflammation 

Experimental autoimmune encephalomyelitis (EAE) is an experimental model for 

inflammatory demyelination in the CNS and is a commonly used as a model for MS. EAE has 

complex immune-mediated neuropathological mechanisms making it a highly useful and 

adaptable animal model for studying complex immune mechanisms in organs, especially the 

CNS, which involve adaptive and innate immunity. 

Many clinically approved treatments for diseases such as MS have been developed on the basis 

of EAE. Neuroinflammation during EAE shares some similarities with inflammation 

associated with psychiatric disorders on the basis of the roles of chronic microglia activation 

in inflammatory damage. However, EAE differs from psychiatric disorder-associated 

inflammation in that it also involves adaptive immune responses with antigen specificity. EAE 

can be induced in mice by immunization with myelin peptides to induce inflammatory 

demyelination of axons in the CNS that leads to progressive hind-limb paralysis and cognitive 

damage. For studying CNS inflammation, this model is useful as it has several phases of 

disease. The induction phase follows the subcutaneous injection of a myelin antigen in 

complete Freund’s adjuvant and involves the priming and activation of myelin specific CD4+ 

T cells by APC that present the myelin peptides. After EAE induction, the effector phase 

consists of migration and proliferation of activated myelin-specific CD4+ T cell to the CNS. 

Infiltrating activated T cells express the cytokines IFN-γ, GM-CSF and stimulatory molecules 

CD40L and CD28 that promote activation and accumulation of resident microglia and 

macrophages in the CNS (Strachan-Whaley, Rivest, & Yong, 2014). mediating inflammatory 

demyelination of neuronal axons ultimately contributing to neurodegeneration and damage in 

the brain (S. D. Miller, Karpus, & Davidson, 2007).  



	32 

1.10 Microglia 

In homeostatic conditions, microglia are quiescent and are poor APC due to the low expression 

of MHC class II and co-stimulatory molecules whereas peripherally-derived monocytes 

generally express higher levels and are more readily induced to respond. During the induction 

phases of EAE, microglia become active and gain the capacity to act in a way that is similar to 

inflammatory macrophages in the periphery. Firstly, activated microglia in the induction phase 

of EAE adopt a type I phenotype and quickly acquire the capacity to secrete the chemokines 

CCL2, CCL3, CCL4, CCL5 and CCL22 to attract inflammatory cells to the CNS (Mildner et 

al., 2009; Mizutani et al., 2012). Microglia can also be type II activated and secrete less 

inflammatory cytokines and more IL-10 (Stone & La Flamme, 2016) suggesting that the 

activation state is dependent upon the microenvironment. 

In EAE activation of microglia occurs early, prior to the entry of peripherally-derived cells 

suggesting that they are crucial for permitting entry and recruiting inflammatory cells. 

Preventing the activation of microglia or impaired signalling by these chemokines dampens 

CNS infiltration and severely delays and reduces EAE disease (Dogan, Elhofy, & Karpus, 

2008; Forde, Dogan, & Karpus, 2011; Heppner et al., 2005). In addition, inflammatory 

microglia are able to act as APC and produce the inflammatory mediators TNF-α, IL-6, IL-12, 

IL-23 and IL-1β in a similar manner to peripherally-derived macrophages that support the 

cytokine environment required for maintenance of damaging Th1 and Th17 cells. The function 

of microglia in the initiation and maintenance of EAE are supported by experiments that 

demonstrate a reduction and delay in the disease of EAE mice when microglia are inhibited or 

depleted (Heppner et al., 2005). 

1.11 Monocytes 

It is understood that EAE disease initiates by the activation of myelin-specific Th1 and Th17 

cells, followed by the activation of CNS resident microglia that recruit peripherally-derived 

monocytes from the blood (Ajami, Bennett, Krieger, McNagny, & Rossi, 2011). Depletion of 

monocytes or limiting their entry to the CNS suppresses EAE highlighting the importance of 

monocytes in mediating damage (Brosnan, Bornstein, & Bloom, 1981; Huitinga, van Rooijen, 

de Groot, Uitdehaag, & Dijkstra, 1990). Recruitment of monocytes to inflammatory sites is a 

natural response and can help to repair and restore tissue health (Shechter et al., 2013), but in 

inflammatory conditions like MS, infiltrating monocytes can aggravate the inflammatory 
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response and damage CNS tissue (Ajami et al., 2011; Bruck et al., 1996). Monocytes are 

prominent in MS lesion formation and remain in the CNS during the progressive stages of MS 

where active recruitment of T cells is absent (Prineas et al., 2001). These macrophages appear 

to have an inflammatory phenotype (D. Y. S. Vogel et al., 2013) and express higher levels of 

the co-stimulatory molecules CD80 and CD86 (Kouwenhoven, Teleshova, Özenci, Press, & 

Link, 2001). These monocytes mediate demyelinating damage to neuronal axons by producing 

tissue-damaging free radicals, proteases and inflammatory cytokines (Manoj K. Mishra & V. 

Wee Yong, 2016).  

Like microglia, other macrophages are also capable of exhibiting a type I inflammatory or type 

II regulatory response where type I macrophages are characterized by IL-12 and TNF-α 

whereas type II macrophages produce IL-4 and IL-10 and have been shown to reduce EAE 

disease (La Flamme et al., 2012; Tierney, Kharkrang, & La Flamme, 2008). It is therefore 

suggested that some of the effective treatments for MS are beneficial for their ability to 

modulate macrophage responses. For example, IFN-β alters the expression of co-stimulatory 

molecules CD80, CD86 and CD40 with potential to be beneficial in MS (Marckmann et al., 

2004). Moreover, glatiramer acetate is a commonly prescribed drug for relapsing remitting MS 

and is known to induce a regulatory phenotype in myeloid cells (Weber et al., 2004). Adoptive 

transfer of glatiramer acetate-induced regulatory myeloid cells into EAE mice is therapeutic 

(Weber et al., 2007), further highlighting their twin roles in protection and pathogenesis. As 

macrophages can also have protective roles, it has been suggested that modulating their 

activation towards a less inflammatory and more regulatory phenotype can be beneficial for 

inflammatory diseases like MS (Manoj K. Mishra & V. Wee Yong, 2016).  

1.12 Atypical antipsychotic agents and inflammation 

Earlier generation antipsychotics or “typical” antipsychotics such as haloperidol are dopamine 

D2 receptor antagonists and are effective at reducing delusions and hallucinations in psychosis 

patients. However, due to their mechanism of action these typical antipsychotics have a high 

incidence of extrapyramidal symptoms (EPS) like parkinsonism and other movement disorders 

(Leucht, Wahlbeck, Hamann, & Kissling, 2003).  The antagonist action of antipsychotic agents 

on the dopamine D2 receptor was widely accepted as the mechanism of action for reducing 

psychosis and no clinically available antipsychotic agent currently exists that does not have 

this property. As new and improved therapeutics emerge such as the atypical antipsychotic 

agents, we have learnt that while the antagonist effect on the D2 receptor is important for 
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treating some symptoms of psychosis, unique mechanisms of action acquired by newer 

generation agents are more effective for treating other symptoms of psychosis and significantly 

reducing the incidence of EPS, thus improving therapy. While neurotransmitters were 

previously  understood to only be molecules of communication between neurons, more recent 

studies have since shown that other cells like immune cells are also regulated by 

neurotransmitters (Levite, 2016; R. Pacheco, Riquelme, & Kalergis, 2010). Studies have since 

shown that immune cells like T cells and macrophages express many neurotransmitter 

receptors including all of the D1 to D5 receptors, which indicates that they are potential targets 

of antipsychotic medication (McKenna et al., 2002).  

 Indeed, it has been shown in several studies that clozapine and risperidone are able to directly 

alter the activation of immune cells. Specifically, it has already been shown that clozapine 

protects neurons from inflammation induced by LPS. Clozapine attenuated the LPS induced 

production of reactive oxygen species (ROS), nitric oxide (NO) and TNF-α from microglia (X. 

Hu et al., 2012). This has been demonstrated in vivo when LPS injected mice were treated with 

atypical antipsychotic agents risperidone and clozapine as well as the typical, older generation 

antipsychotic haloperidol. Serum concentrations of TNF-α decreased dramatically with 

clozapine and risperidone treatment, but not haloperidol while serum concentrations of IL-10 

were also increased with clozapine and risperidone while only a modest increase was measured 

with haloperidol (Sugino, Futamura, Mitsumoto, Maeda, & Marunaka, 2009). These results 

indicate that while both typical and atypical antipsychotic agents share the property of 

antagonizing the dopamine D2 receptor, the atypical antipsychotic agents are profoundly better 

at altering immune responses. Indeed, we have shown previously that risperidone and clozapine 

can inhibit the activation of LPS stimulated bone marrow derived macrophages but specific 

inhibitors of D1 or D2 does not, providing evidence that the immune modulating effects are 

acting directly on immune cells but not by D1 or D2 antagonist activity alone. Furthermore, 

we showed that administering sulpiride, an atypical antipsychotic which targets the D2 receptor 

specifically does not reduce EAE disease (D. O'Sullivan et al., 2014).  

The immune modulating properties of atypical antipsychotic agents are likely more beneficial 

to patients with highly complex psychiatric and neurological disorders as not only dopamine 

antagonists, but also as neuroprotective and anti-inflammatory or immunomodulatory agents.  
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1.13 Neuroinflammation 

The CNS was once thought to be an immune privileged site due to the highly selective 

permeability of the blood-brain barrier, but it is now becoming a popular topic of research for 

its capacity to respond to inflammatory insults. Although immune responses in the brain can 

be beneficial to control infection and mediate repair of damaged tissue, inappropriate or 

excessive inflammatory responses can be unfavourable to the host. In fact, it is generally 

accepted that immune activation in the CNS contributes to the detrimental effects of many 

neurodegenerative diseases like stroke, schizophrenia and depression; all of which are 

associated with the activation of microglia (Chung, Welsh, Barres, & Stevens, 2015; Perry, 

Nicoll, & Holmes, 2010).  

Of interest to the current topic of research is the debilitating psychiatric disorder schizophrenia. 

Historically believed to be an imbalance in neurotransmitter signalling, more recent evidence 

suggest that schizophrenia may not be due to a neurotransmitter imbalance alone or even at all. 

Several studies have shown, which has since been reviewed in a meta-analysis, that in re-lapsed 

schizophrenia patients’ blood levels of inflammatory molecules IL-6, IL-8, TNF-α, IFN-γ, 

TGF-β and IL-1Rα were significantly increased while the anti-inflammatory cytokine IL-10 

was reduced when compared to healthy subjects (B. J. Miller, Buckley, Seabolt, Mellor, & 

Kirkpatrick, 2011). Additionally, there is evidence to suggest that microglia are hyperactive in 

schizophrenic patients (Monji et al., 2013) and are further activated during an acute psychotic 

episode (Steiner et al., 2008). Of note, the cytokine IL-12, which is produced mainly by innate 

cells such as macrophages and microglia (Y. Sonobe et al., 2005; Xing, Zganiacz, & 

Santosuosso, 2000), is abnormally high in schizophrenic patients and normalized after 8 weeks 

of treatment with atypical antipsychotic medication (Y. K. Kim et al., 2002). Indeed, when 

microglia are cultured in vitro and treated with atypical antipsychotic agents an alteration in 

activation towards a less inflammatory state is observed (Bian et al., 2008; X. Hu et al., 2012; 

T. Kato, A. Monji, S. Hashioka, & S. Kanba, 2007).  

Following these studies, more recent investigators propose that suppression of microglial 

responses by atypical antipsychotic agents may be an effective strategy for treating 

inflammation in schizophrenia (Monji et al., 2013), more experimental studies that probe into 

their immunomodulatory effect soon followed. Our laboratory has previously shown that the 

atypical antipsychotic agents risperidone and clozapine are able to effectively reduce disease 

severity in experimental autoimmune encephalomyelitis (EAE), an animal model for multiple 
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sclerosis (MS) (D. O'Sullivan et al., 2014).  This finding indicates that medicines such as the 

atypical antipsychotic agents that are effective in reducing neuroinflammation in schizophrenia 

may also be therapeutic in other diseases that share a common pathological mechanism like 

MS (Bogie et al., 2014). 

 

1.14 Aims and objectives 

This research project aims to characterize the mechanism of action by which atypical 

antipsychotic agents such as clozapine are able to reduce clinical disease in the experimental 

model of MS, EAE. This goal will be achieved through two independent aims. 

1. To elucidate precisely the immunological and cellular mechanism by which atypical 

antipsychotic agents can reduce disease by focusing on T cells and macrophages 

2. To identify specific cellular signaling events induced by atypical antipsychotic treatment 

that occur within T cells and macrophages and may mediate the immune-modulating effect. 
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2.1 Mice 

C57BL/6J (CD45.2) mice were purchased from the Malaghan Institute of Medical Research 

(MIMR, Wellington, New Zealand) and then housed in the Victoria University of Wellington 

animal facility. 

B6.SJL-Ptprca Pepcb/BoyJ (CD45.1) breeding pairs were purchased from the MIMR and then 

bred in the Victoria University of Wellington animal facility. 

Mice expressing a TCR with the Vα3.2 and Vβ11 TCR chain combination specific for MOG35-

55 peptide (2D2) were originally obtained from Professor Vijay Kuchroo (Bettelli et al., 2003) 

and bred at the Victoria University of Wellington animal facility. Maintenance of the MOG35-

55 specific TCR was verified by flow cytometric analysis of Vα3.2 and Vβ11 TCR expression 

on splenic CD4 T cells. 

All mice were housed in specific pathogen free conditions at the Victoria University of 

Wellington (VUW, Wellington, New Zealand) animal facility with a 12-hour light/dark cycle 

and regulated temperature. Handling of mice for experimental manipulation were performed 

inside a laminar flow hood using aseptic technique. 

All experimental protocols are approved by the VUW Animal Ethics Committee under protocol 

2014R32. 

2.2 Induction of experimental autoimmune encephalomyelitis 

2.2.1 Induction of active EAE 

EAE was induced as previously described. Briefly, female C57BL/6J mice aged between 8-12 

weeks were injected in the rear flanks with 50 µg/mouse MOG35-55 

(MEVGWYRSPFSRVVHLYRNGK; Genscript, Piscataway, NJ) peptide emulsified in 

incomplete Freund’s adjuvant (Sigma-Aldrich, St. Louis, MO) containing 500 µg/mouse M. 

tuberculosis (Difco, Lawrence, KS) subcutaneously (s.c). 200 ng/mouse Pertussis toxin (PTx; 

List Biochemical, Campbell, CA) diluted in PTx buffer (see Appendix) was injected 

intraperitoneally (i.p) on day of immunization (day 0) and two days post immunization (day 

2). Mice are weighed and scored daily for disease using the following disease scale: 0, normal; 

1, half-tail paralysis; 2, full tail paralysis; 3, full paralysis of one hind limb; 4, full hind limb 

paralysis; 5, moribund (D. O'Sullivan et al., 2014). 
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2.2.2 Induction of adoptively transferred EAE 

To induce adoptively transferred EAE, donor C57BL/6J mice are injected in the rear flanks 

with 50 µg/mouse MOG35-55 peptide emulsified in complete Freund’s adjuvant (500 µg/mouse 

M. tuberculosis) subcutaneously as per active EAE induction. No pertussis injections are given 

to donor mice.  Donor mice are euthanized 12 days post immunization and spleens and draining 

lymph nodes (mesenteric and inguinal; dLN) are harvested and placed into 1 mL of wash buffer 

in a 1.7 mL centrifuge tube. dLN’s are processed into single cell suspensions by forced passage 

through a 70 µM cell strainer (BD Biosciences, Franklin Lakes, NJ). 10 mL of wash buffer is 

added through the strainer to wash remaining cells and then centrifuged at 760 x g for 5 

minutes. Supernatant is then removed and 2 mL of Red Blood Cell Lysis Buffer (Sigma-

Aldrich, MO) is added and incubated at RT for 2 minutes to lyse red blood cells, after which 8 

mL of wash buffer is added. Lysed samples are then centrifuged again at 760 x g and re-

suspended in 10 mL of complete T cell medium (CTCM; see appendix III) and then live cell 

concentration was counted by trypan blue exclusion using a haemocytometer as described. 

Cells are then cultured at 5x106 cells/mL in media supplemented with 50 µg/mL MOG35-55, 20 

ng/mL IL-12p70 (Peprotech, NJ) and 10 µg/mL anti-IFN-γ (clone XMG1.2; BioXcell, West 

Lebanon, NH) for 72 hours in T25 tissue culture flasks (BD Biosciences, NJ) to allow MOG35-

55 specific T cells to expand. Non-adherent cells were collected, washed and re suspended in 

dPBS. 20x106 cells/mouse in 200 µL of dPBS was injected i.p into naive recipient C57BL/6J 

or congenic B6-SJptprca mice. All recipient mice received 200 ng/mouse pertussis toxin i.p 4 

hours post transfer of cells and 2 days post transfer. Mice are weighed and scored regularly for 

disease presentation and scored using the same scoring method described in active EAE. 

2.3 In vivo techniques 

2.3.1 Oral drug administration 

Oral administration by feed 

Olanzapine tablets were crushed up using a mortar and pestle to create a fine powder. Animal 

feed was powdered by passing dry pellets through a meat mincer. Olanzapine or clozapine were 

then added to powdered feed at a concentration that is calculated to achieve daily dose based 

on an average feed consumption of 4 g/mouse (Bachmanov, Reed, Beauchamp, & Tordoff, 

2002).  
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!! = #!	×	&'
()  

DD = diet dose (mg/kg) 

SD = daily dose (mg/kg) 

BW = body weight (g) 

FI = food intake (4 g/day) 

2.3.2 Oral administration by drinking water 

Clozapine and risperidone (kindly provided by Douglas Pharmaceuticals, Auckland, NZ) were 

dissolved in 0.1M acetic acid (Sigma-Aldrich, MO) at a concentration of 6 mg/mL. Fluoxetine 

(Actavis, Parsippany-Troy Hills, NJ) was dissolved is dH20 at a concentration of 6 mg/mL 

overnight and non-soluble binding material was removed by centrifugation. Stock 

concentrations were then diluted in autoclaved tap water to a final concentration that is 

calculated to achieve the daily dosage based on average daily water consumption of 4 

mL/mouse/day. 

Sinemet® 100/25 (Merck & Co., Kenilworth, NJ) tablets were crushed up using a mortar and 

pestle and dissolved in dH20 overnight at a concentration of 2 mg/mL of L-DOPA. Non-soluble 

binding material was centrifuged and removed. Stock concentration was then diluted to the 

final concentration in tap water to achieve the correct daily dose based on an average daily 

water consumption of 4 mL/mouse/day. 

2.3.3 In vivo proliferation assay 

In vivo proliferation assay was performed as previously described (David O'Sullivan, Miller, 

Northcote, & La Flamme, 2013). Briefly, spleens, mesenteric and inguinal lymph nodes were 

isolated from donor 2D2 mice (CD45.2) and single cell suspensions were made by forced 

passage through a 70 µM cell strainer (BD Biosciences, NJ). Red blood cells were lysed using 

Red Blood Cell Lysis Buffer (Sigma-Aldrich, MO) and washed with Dulbecco’s phosphate 

buffered saline (dPBS; Thermo Fisher Scientific, Waltham, MA). Cell suspensions were 

stained with CFSE (5 µM; Thermo Fisher Scientific, MA) as per manufacturers 

recommendation. Cells were washed three times by centrifuging at 760 x g for 5 minutes and 

re-suspended in dPBS. 20x106 cells/mouse was injected i.p into recipient congenic B6-SJptprca 
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(CD45.1) one-day prior to immunization. Recipient mice were then immunized for EAE as 

described. At euthanasia; blood, draining lymph nodes and spleens were isolated and processed 

for flow cytometric analysis of CFSE dilution using a FACS Canto II flow cytometer (BD 

Biosciences, NJ). Proliferation index (total number of divisions divided by the number of cells 

that went into division) and percent proliferated were calculated using FlowJo proliferation 

platform (FlowJo LLC, Ashland, OR). 

2.3.4 Regulatory T cell neutralization  

Female C57BL/6J mice were injected with 200 µg/mouse rat anti-mouse CD25 (clone PC61; 

BioXCell, NH) to neutralize Treg (Setiady, Coccia, & Park, 2010) or Rat IgG (Sigma-Aldrich, 

MO) as a control i.p, 3 days before the induction of EAE. 200 µg/mouse of antibody was used 

as it was sufficient for complete binding of CD25. Subsequent injections were performed at 7 

and 14 days post immunization to maintain neutralization. EAE was induced and scored as 

previously described.  

2.4 Ex vivo techniques 

2.4.1 Trypan blue exclusion 

For counting live cells, single cell suspensions were re-suspended in wash buffer or CTCM. 

Samples were diluted 1:10 by adding 10 µL of sample into a U-bottomed 96 well plate followed 

by 90 µL of trypan blue solution (Thermo Fisher Scientific, MA) and mixed thoroughly by 

gently pipetting. 10 µL of this dilution was then placed under the glass cover slip placed on a 

Neubauer haemocytometer (Hawksley, Lancing, UK) and counted using a compound 

microscope (CX41: Olympus, PA, USA). 

2.4.2 Processing and isolation of spleen into single cell suspensions 

Mice were euthanized by CO2 asphyxiation and covered in 100% ethanol for aseptic handing 

from herein. All surgical tools were sterilized in 100% ethanol before and during use. Spleens 

were removed and placed in 1 mL sterile wash buffer (see Appendix III) on ice. A single cell 

suspension was prepared by forced passage of the spleen through a 70 µM cell strainer (BD 

Biosciences, NJ) placed on top of a sterile 50 mL conical tube (Corning, Corning, NY) using 

a sterile syringe plunger from a 1 mL tuberculin syringe (BD Biosciences, NJ). Remaining 
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cells in the cell strainer was then washed into the conical tube using 10 mL of wash buffer. 

Splenocytes were centrifuged at 760 x g for 5 minutes to wash. Supernatant was then removed 

and 2 mL of Red Blood Cell Lysis Buffer (Sigma-Aldrich, MO) was added for 2 minutes to 

lyse red blood cells. Lysis was quenched by adding 8 mL of wash buffer and centrifuging at 

760 x g for 5 mins before re-suspending the splenocytes in 10 mL of wash buffer. Live cells 

were counted by trypan blue exclusion as described and then re-suspended to the desired cell 

density with CTCM for cell culture or FACS buffer (see Appendix III) for flow cytometric 

analysis. 

2.4.3 Processing and isolation of lymph nodes into single cell suspensions 

Mice were euthanized by CO2 asphyxiation and covered in 100% ethanol for aseptic handing 

from herein. All surgical tools were sterilized in 100% ethanol before and during use. 

Mesenteric and inguinal lymph nodes were carefully removed and placed in 1 mL sterile wash 

buffer (see Appendix III) on ice. A single cell suspension was prepared by forced passage of 

the pooled lymph nodes through a 70 µM cell strainer (BD Biosciences, NJ) placed on top of 

a sterile 50 mL conical tube (Corning, NY) using a sterile syringe plunger from a 1 mL 

tuberculin syringe (BD Biosciences, NJ). Remaining cells in the cell strainer was then washed 

into the conical tube using 10 mL of wash buffer. Lymph node cells were centrifuged at 760 x 

g for 5 minutes to wash. Supernatant was then removed and 2 mL of Red Blood Cell Lysis 

Buffer (Sigma-Aldrich, MO) was added for 2 minutes to lyse red blood cells. Lysis was 

quenched by adding 8 mL of wash buffer and centrifuging at 760 x g for 5 mins before re-

suspending the lymph node cells in 10 mL of wash buffer. Live cells were counted by trypan 

blue exclusion as described and then re-suspended to the desired cell density with CTCM) for 

cell culture or FACS buffer (see Appendix III) for flow cytometric analysis. 

2.4.4 Processing and isolation of brain into single cell suspension 

Mice were euthanized by CO2 asphyxiation and covered in 100% ethanol for aseptic handling 

from herein. All surgical tools were sterilized in 100% ethanol before and during use. The 

peritoneal cavity was opened with scissors and the liver portal vein severed. 20 mL of sterile 

PBS was then perfused through the left ventricle of the heart slowly to ensure complete 

perfusion using a 20 mL syringe (BD Biosciences, NJ) and a 23 G needle (BD Biosciences, 

NJ). After perfusion, mice were decapitated with scissors. Brains were removed with small 

tweezers by first removing the top region of the skull and then carefully lifting the brain to 
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maintain integrity and structure. Brains were fixed in 4% paraformaldehyde (PFA) in a 15 mL 

conical tube. 

2.4.5 Processing and isolation of spinal cord into single cell suspension 

Mouse brains were first removed as described above. Firstly, the spinal cord was removed 

using a 10 mL syringe of PBS equipped with a 19G needle inserted into the spinal column. The 

spinal cord removed by hydraulic extrusion by forcing PBS through the spinal column. The 

spinal cord was then placed into 1 mL PBS in a 1.7 mL micro centrifuge tube and placed on 

ice. Spinal cords were diced into smaller pieced using a surgical blade and digested with 5 mL 

collagenase type II (2.4 mg/mL in PBS; Thermo Fisher Scientific, MA) for 30 minutes at 37°c. 

Spinal cords were then further homogenized by repeat pipetting through a 1 mL single channel 

pipette. Spinal cords were further digested for 10 minutes at 37°c and then filtered through a 

70 µM cell strainer. Collagenase was removed by centrifuging at 760 x g for 5 minutes and 

then re-suspended into 10 mL of 37% Percoll (see Appendix III) in a 15 mL conical tube and 

centrifuged for 30 minutes at 760 x g with the brakes turned off. After separation the myelin 

layer and Percoll were carefully removed and the cell pellet re-suspended in 1 mL of FACS 

buffer for flow cytometric analyses. 

2.4.6 Blood collection for flow cytometry 

Firstly, 1 mL insulin syringes (BD Biosciences, NJ) were coated with EDTA by collecting 0.5 

M EDTA into the syringe and expelling completely. 20 µL 0.5 M EDTA was then added to 

each 1.7 mL micro centrifuge tube. Approximately 200 µL of blood was then added to each 

tube, mixed immediately and placed on ice. Whole blood was then transferred into a 15 mL 

conical flash and a red blood cell lysis performed as described and was repeated until red blood 

cells were sufficiently lysed. Each blood sample was then washed and re-suspended in FACS 

buffer on ice for flow cytometric analysis. 

2.5 Cytokine assays 

2.5.1 General ELISA protocol 

Enzyme linked immunosorbent assays (ELISA) were performed by coating 96 well Nunc 

MaxiSorp plates (Thermo Fisher Scientific, MA) with a primary capture antibody in ELISA 
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capture buffer (see Appendix III) and incubated overnight at 4°c. Capture antibody solution 

was removed and plates were washed in wash buffer containing PBS with 0.01% Tween-20 

(Sigma-Aldrich, MO) 4 times. Plates were blocked with 10% foetal calf serum (FCS) in PBS 

for 2 hours at room temperature (RT). 50 µL/well of cytokine standards and samples were then 

added to each well and incubated for 2 hours RT or overnight at 4°c. The standard curve was 

prepared by serially diluting in the top two rows of the plate. Plates were then washed 4 times 

in wash buffer and 50 µL/well of the matched biotinylated secondary antibody was added and 

incubated RT. After 1 hour plates were washed 6 times in wash buffer and 50 µL/well of 

streptavidin-horseradish peroxidase (SA-HRP) was added and incubated for a further 1-hour 

RT. After incubation, plates are washed 8 times and tetramethyl benzidine (TMB) substrates 

A and B (BD Biosciences, NJ) were brought to room temperature and mixed to equal volumes. 

100 µL/well of TMB reagent was added and the reaction was stopped with 100 µL/well 0.18M 

H2SO4. Details for specific ELISA’s including capture buffer used, antibody and SA-HRP 

concentrations can be found in Appendix V. 

2.5.2 Cytokine Bead Assay 

Cytokine bead assay was performed using a LEGENDplex Mouse inflammation kit 

(Biolegend, San Diego, CA) as per the manufacturers recommendations. Briefly, an 8 point 

standard curve was prepared by serial dilution of cytokine standards included in the kit. 25 µL 

of assay buffer was added to each well of a 96 well V-bottom plate (Corning, NY) followed by 

25 µL of standards and samples. 25 µL of the mixed beads were then added to each 

sample/standard well and wrapped in foil, incubated for 2 hours at room temperature in the 

dark on an orbital plate shaker. After incubation, the plate was centrifuged at 250 x g for 5 mins 

to pellet beads. Supernatant was then flicked out and the plate blotted on a paper towel to 

absorb excess liquid. Beads re-suspended by gently vortexing. 200 µL of washing buffer was 

then added to each well and the plate was centrifuged again at 250 x g for 5 minutes to pellet 

beads. Supernatant was again removed followed by adding 25 µL of detection antibody to each 

well. Detection antibody was incubated at room temperature for 1 hour on an orbital plate 

shaker. After incubation 25 µL of streptavidin-phycoerythrin was added to each well and 

incubated for 30 minutes at room temperature on an orbital plate shaker. Plates were then 

washed once again before resuspending beads in 150 µL of wash buffer. Samples were 

analysed on a FACS Canto II flow cytometer (BD Biosciences, NJ) set up according to the 

manufacturers recommendations.  
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2.6 Cell culture and in vitro experiments 

2.6.1 Compounds for in vitro use 

Dopamine hydrochloride (Sigma-Aldrich, MO) was dissolved in dH2O at a stock concentration 

of 25 mM and stored at -80°c until required. 

Clozapine (Kindly provided by Douglas Pharmaceuticals, Auckland, New Zealand) was 

dissolved in 0.1 M acetic acid (Sigma-Aldrich, MO) at a concentration of 25 mM and stored at 

-80°c until required. 

CHIR99021 (Sigma-Aldrich, MO) was dissolved in DMSO at a stock concentration of 100 

mM and stored at -80°c until required. 

Akt1/2 kinase inhibitor (Sigma-Aldrich, MO) was dissolved in DMSO at a stock concentration 

of 100 mM and stored at -80°c until required. 

Forskolin (Sigma-Aldrich, MO) was dissolved in absolute ethanol at a concentration of 10 mM 

and stored at -20°c until required. 

All stock compounds were stored in single use aliquots to prevent repeated freeze/thaw cycles. 

Compounds were diluted to the desired concentration in CTCM for in vitro assays.  

2.6.2 Culture and maintenance of RAW 264.7 macrophage cell line 

RAW 264.7 cells were a kind gift from the Malaghan Institute of Medical Research. 2x106 

RAW264.7 cells were stored long term by re-suspending cells in cryopreservation medium (see 

Appendix III) and kept in a liquid phase liquid nitrogen storage tank until required. Low 

passage numbers (<20) RAW264.7 cells were cultured from storage by first thawing the 

cryovial in a 37°c water bath, after which its contents were immediately transferred into 9 mL 

of 37°c CTCM and centrifuged at 300 x g for 5 minutes to remove the cryopreservation 

medium. The cell pellet was then re-suspended in 10 mL of 37°c CTCM and transferred to a 

T25 tissue culture flask and incubated in a humidified incubator at 37°c and 5% CO2 until 

confluent. At 80% confluency, RAW264.7 cells were passaged by first removing culture 

medium and adding 5 mL of warm dPBS to wash non-adherent cells/debris to be discarded. 5 

mL of cold dPBS is then added to the flask and adherent cells were lifted from the flask by 

using a cell scraper. The cell suspension is then aspirated and transferred to a 15 mL conical 
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tube and centrifuged at 300 x g for 5 mins and re-suspended in 1 mL of dPBS. Live cells are 

counted by trypan blue exclusion. 1x106 cells are added to 15 mL of CTCM in a T75 culture 

flask and cultured until 80% confluent.  

2.6.3 Isolation and culture of bone marrow derived macrophages 

Bone-marrow derived macrophages were isolated and cultured as described (Tierney et al., 

2008). Briefly, female C57BL/6J mice aged between 8-12 weeks were euthanized by CO2 

asphyxiation. Bone marrow cells were isolated from the femurs and tibias by flushing the bone 

marrow from each bone with 5 mL of dPBS containing 1% PenStrep (Thermo Fisher Scientific, 

MA) into a sterile 50 mL conical tube. Bone marrow is homogenized by repeatedly pipetting 

through a 5 mL serological pipette. RBC’s were lysed as previously described and bone 

marrow cells cultured overnight in CTCM at 1x106 cells/mL in tissue culture flasks. Non-

adherent hematopoietic progenitor cells were then isolated and cultured in sterile 90 mm petri 

dishes in the presence of IL-3 (5 ng/mL; Peprotech, Rocky Hill, NJ) and granulocyte-

macrophage colony-stimulating factor (GM-CSF; 5 ng/mL; Peprotech, NJ) at a volume of 5 

mL. After 4 days of culture, 5 mL of CTCM containing IL-3 (5 ng/mL) and GM-CSF (5 ng/mL; 

Peprotech, NJ) is added to each culture dish. After another 4 days, bone-marrow derived 

macrophages were harvested by first washing non-adherent cells with warm dPBS and then 

repeatedly blasting with ice cold dPBS to detach macrophages. Macrophages were plated into 

flat bottom 96 well plates at 100,000 cells/well and primed with IFN-γ for up to 18 hours. 

Macrophages were then stimulated with 200 ng/mL lipopolysaccharide (LPS; Sigma-Aldrich, 

MO) and indicated compounds for 24 hours. At the end of the experiment, supernatant was 

removed and used or stored at -20°c immediately. Cell viability assay was performed by MTT 

assay as described. 

2.6.4 T cell differentiation assay 

Spleens were isolated from female 2D2 TCRMOG35-55 mice aged between 8-12 weeks of age 

and a single cell suspension was prepared as previously described. Splenocytes were then 

cultured in CTCM at 1x106 cells/well in a flat bottomed 96 well plate (Corning, NY) and 

stimulated with MOG35-55-peptide (50 µg/mL) in media alone or medium containing rIL-12p70 

(20 ng/mL; Peprotech, NJ) and anti-IL-4 (11B11, a kind gift from the Malaghan Institute; 10 

µg/mL,) for Th1; rIL-6 (20 ng/mL; BD Biosciences, NJ), rTGF-ß1 (5 ng/mL; Thermo Fisher 

Scientific, MA), anti-IFN-γ (10 µg/mL; BioXcell, NH) for Th17 and rTGF-ß1 (5 ng/mL; 
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Thermo Fisher Scientific, MA), anti-IFN-γ (10 µg/mL; BioXcell, NH), anti-IL-6 (10 µg/mL; 

MP5-20F3; BD Biosciences, NJ) for Treg, for 72 hours. T cell differentiation was then assessed 

by intracellular cytokine/antigen staining as described. Plates were centrifuged at 400 x g for 

5 minutes and supernatants were collected and stored at -20°c for cytokine analysis at a later 

time. 

2.6.5 MTT reduction assay 

Following completion of an experiment, 170 µL/well of supernatant was transferred to a sterile 

U bottom 96 well plate and stored at -20°c or used immediately. 50 µL/well of fresh CTCM 

warmed to 37°c was added before adding 20 µL/well of MTT solution (see Appendix III) was 

added to each well. Plates were incubated for a further 2 hours at 37°c and 5% CO2. After 

incubation, the reaction was stopped by adding 100 µL/well of MTT stop solution (see 

Appendix III) and left overnight at 37°c to solubilize formazan products. Absorbance was 

measured at 550 nm in a multi-well Enspire Multilabel plate reader (PerkinElmer, Wellesley, 

MA). Cell metabolism was calculated as percentage absorbance of indicated control wells. 

2.6.6 Measuring intracellular cyclic-AMP 

Bone-marrow derived macrophages were seeded onto 96 well plates at 100,000 cells/well and 

primed for 18 hours with 20 U/mL of rIFN-γ. Supernatants were removed and replaced with 

100 µL CTCM containing 0.5 mM 3-Isobutyl-1-methylxanthine (IBMX; Sigma-Aldrich, MO) 

for 15 minutes before adding indicated compounds and stimulating with 200 ng/mL of 

lipopolysaccharide (LPS; Sigma-Aldrich, MO) for 15, 30, 45 and 60 minutes. All compounds 

and LPS were diluted in CTCM containing 0.5 mM IBMX to maintain overall IBMX 

concentration. After stimulation, supernatants were removed swiftly by flicking and each well 

was washed with 200 µL of warm dPBS twice by flicking out the supernatant and repeating. 

After washing, 50 µL of ice-cold absolute ethanol was added to each well to fix cells and placed 

in a 37°c dry incubator until all ethanol has completely evaporated. 50 µL of lysis buffer was 

then added to each well and the plate was placed on an orbital plate shaker for 30 minutes at 

4°c. Cell lysates were then used immediately or stored at -80°c for later analysis. 

Intracellular cAMP from cell lysates were measured using the AlphaScreen cAMP detection 

kit (Perkin Elmer, MA) according to the manufacturers protocol. Briefly, a 12-point cAMP 

standard curve was prepared by serial dilution of the supplied cAMP standard. Cell lysates and 
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standards were added to an opaque white 384 well plate (Corning, NY) at 10 µL/well. Acceptor 

buffer was then added to each well at 5 µL/well followed by 15 µL/well of donor buffer. The 

plate was then sealed and incubated for 8-12 hours before reading the plate on a M1000 Pro 

plate reader (Tecan, Mannedorf, Switzerland) using AlphaScreen settings. Data was then 

graphed and analysed using GraphPad Prism 6 (GraphPad Software, CA, USA). 

2.6.7 Measuring phosphorylation of cell signaling proteins 

Bone-marrow derived macrophages were seeded onto 96 well plates at 100,000 cells/well and 

primed for 18 hours with 20 U/mL of rIFN-γ. Compounds were then added at indicated 

concentrations and stimulated with 200 ng/mL of LPS for the indicated time. After stimulation, 

supernatant was removed and each well was washed with 200 µL of warm dPBS twice before 

adding 50 µL of Milliplex lysis buffer containing 1% protease inhibitor cocktail (Sigma-

Aldrich, MO). Cells were lysed on an orbital shaker at 4°c for 30 mins and assayed immediately 

using the MILLIPLEX MAP Multi-Pathway Magnetic Bead 9-Plex Total protein and 

phosphorylated protein kits (Merck Millipore, Billerica, MA) with additional MAP Mate GSK-

3β Total and phosphorylated protein kits (Merck Millipore, MA) according to the 

manufacturers protocol. Plates were read on a Bio-Plex 100 instrument (Bio-Rad Laboratories, 

Hercules, CA). 

2.6.8 Splenocyte MOG35-55-peptide re-stimulation assay 

Spleens were processed into single cell suspension as described. Splenocytes were resuspended 

into warm CTCM at 10x106 cells/mL and seeded onto flat bottom 96 well plates (BD 

Biosciences, CA) at 1x106 cells/well. MOG35-55-peptide was added to each well and incubated 

for 72 hours at 37°c and 5% CO2. After stimulation, plates were centrifuged at 400 x g for 5 

minutes and the supernatant was transferred to a U bottomed 96 well plate (BD Biosciences, 

CA) and stored at -20°c or used immediately for cytokine assays. 

2.7 Flow cytometry 

2.7.1 Cell surface marker staining 

Cells were harvested and suspended in FACS buffer at 106 cells/well in a U bottom 96 well 

plate. Fc receptors were blocked using 50 µL/well anti CD16/CD32 (clone 2.4G2) (BD 
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Biosciences, NJ) and incubated on ice for 15 minutes. 200 µL/well of FACS buffer was then 

added and plates were centrifuged at 400 x g for 5 minutes and the supernatant flicked out. 

Plates were vortexed to re-suspend cells and 50 µL/well of primary antibody is added and left 

on ice, protected from light for 30 minutes. Cells were then washed twice with 200 µL FACS 

buffer and finally re-suspended in 300 µL of FACS buffer in a U bottomed 96 well plate or 5 

mL polystyrene tubes (BD Biosciences, NJ) and analysed on a FACS Canto II (BD 

Biosciences, NJ) flow cytometer. Data was analysed using FlowJo Software (FlowJo LLC, 

Ashland, OR). 

2.7.2 Intracellular antigen staining 

To stain for intracellular antigens, cells are prepared and stained for extracellular markers as 

described but are fixed with 120 µL/well of Fix/Perm buffer (BD Biosciences, NJ) after the 

final washing step and left for 50 minutes on ice and protected from light. 100 µL/well of 

Perm/Wash Buffer (BD Biosciences, NJ) is added and centrifuged at 650 x g at 4°c. Cells are 

washed once more in 200 µL/well of Perm Buffer and then 50 µL/well of antibody in 

Perm/Wash Buffer is added and left to stain for 1 hour on ice and protected from light. After 

staining, cells are washed twice in 200 µL/well of Perm/Wash Buffer before washing once and 

resuspending in 300 µL of FACS buffer in a U bottomed 96 well plate or 5 mL polystyrene 

tubes (BD Biosciences, NJ) and analysed on a FACS Canto II (BD Biosciences, NJ). 

Antibodies used can be found in Appendix IV. 

2.7.3 Intracellular cytokine staining 

For intracellular cytokine staining, cells were first stimulated with Phorbol 12-myristate 13-

acetate (PMA; 50 ng/mL; Sigma-Aldrich, MO) and Ionomycin (500 ng/mL; Sigma-Aldrich, 

MO) in the presence GolgiStop/Monensin (BD Biosciences, NJ) for 5 hours at 37°c and 5% 

CO2. Protocol for staining intracellular cytokines was then performed in the same way as the 

intracellular antigen staining protocol described above. Samples were then analysed on a FACS 

Canto II (BD Biosciences, NJ). Antibodies used can be found in Appendix IV. 

2.8 Statistical Analyses 

All graphs were prepared using GraphPad Prism 6 (GraphPad Software, CA). All statistical 

analyses were conducted using GraphPad Prism 6. Student’s t-test was performed when 
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comparing two groups that were normally distributed. When comparing two groups that were 

not normally distributed, a Mann-Whitney test was performed instead. Statistical analyses for 

experiments with multiple groups was performed by a one-way ANOVA and Dunnett’s 

multiple comparison test. When comparing multiple groups with more than one categorical 

variable, a two-way ANOVA was performed followed by Sidak’s multiple comparison test. P 

values of less than 0.05 were considered statistically significant.  
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3.1 Introduction 

Inflammatory diseases of the central nervous system such as multiple sclerosis cause 

permanent damage to nervous tissue leading to impaired cognitive function. In multiple 

sclerosis, this can lead to loss of vision, imbalance, depression, pain and multiple motor 

disorders (Compston & Coles, 2008). Multiple sclerosis is the most common inflammatory 

disease of the central nervous system and is often treated clinically with immune modulating 

agents that target activation, proliferation or the trafficking of immune cells to the CNS 

(Dendrou et al., 2015). There are now a number of approved treatment options such as 

glatiramer acetate, interferon beta and natalizumab; however, they are not effective in all cases 

and are associated with adverse effects and increased risk of opportunistic infections  

(Winkelmann, Loebermann, Reisinger, Hartung, & Zettl, 2016). Unfortunately, once disease 

develops to the progressive stages, there are no available treatments (English & Aloi, 2015) 

and the lack of treatment options for these forms of disease remains a significant public health 

concern as patients continually accumulate disabilities.  

Demyelination, neurodegeneration and the formation of sclerotic plaques is generally 

associated with the chronic neuroinflammatory process that leads to accumulating disability 

(Dendrou et al., 2015). One of the most important drivers of this pathological process is the 

inflammatory activation of microglia and macrophages within the CNS, and these have been 

shown in MS lesions to display a classical type of activation (D. Y. Vogel et al., 2013) and 

remain chronically active during disease (Fischer et al., 2012). Whereas alternatively-activated 

macrophages and microglia have anti-inflammatory and wound repair properties, classically-

activated macrophages and microglia can be detrimental to tissue and have been implicated in 

many diseases of the CNS (Cherry, Olschowka, & O’Banion, 2014). In particular, this 

pathological feature of MS shares striking similarities with the inflammatory processes that 

drive chronic inflammation and neurodegenerative damage observed during schizophrenia 

(Laskaris et al., 2016; Monji, Kato, & Kanba, 2009), which was reviewed recently (Müller, 

Weidinger, Leitner, & Schwarz, 2015). Recent studies suggest that anti-inflammatory 

medications may be beneficial in treating the symptoms of schizophrenia (Monji et al., 2009; 

Müller et al., 2015), and the notion that atypical antipsychotic agents such as clozapine and 

risperidone may reduce the symptoms of schizophrenia by their anti-inflammatory and 

neuroprotective properties suggest that they may be beneficial for other inflammatory diseases 

of the CNS, including MS. Moreover, given the vital role of microglia and macrophages in the 
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pathology of MS, investigators suggest that therapeutic targeting of myeloid cells could 

provide great improvements in the therapeutic management of MS (M. K. Mishra & V. W. 

Yong, 2016). Indeed, we have shown that clozapine and risperidone are able to effectively 

reduce disease during EAE (D. O'Sullivan et al., 2014), an animal model for MS. This chapter 

aims to investigate the effects of clozapine on disease parameters using different treatment 

regimens to assess its potential as a therapeutic agent for multiple sclerosis and develop a model 

in which to investigate the precise mechanism by which clozapine is able to reduce EAE 

disease. 

3.2 Aim 

The aim of this chapter is to study and optimize the effect of treatment with atypical 

antipsychotic agents on disease and immunological parameters during EAE. 

3.2.1 Specific Aims 

1. To study disease progression during active EAE induction with prophylactic clozapine 

treatment 

2. To whether disease protection by clozapine is associated with changes in peripheral 

immune cell subsets 

3. To evaluate the effect of clozapine when given therapeutically to assess its feasibility 

as a MS therapeutic 

 

 

 

 

 

 

 

 



	54 

3.3 Results 

3.3.1 Clozapine treatment attenuates the disease course of EAE  

Consistent with our previously published findings, mice treated with 60 mg/kg/day of 

clozapine experience an attenuated EAE disease course (D. O'Sullivan et al., 2014).  Clozapine 

treated mice experienced attenuated and delayed disease compared to vehicle treated mice 

(Figure 3.1A). Weight loss is apparent in clozapine treated EAE mice when compared to 

vehicle treated EAE mice after the initial addition of clozapine to drinking water but weight 

stabilizes by 7 d.p.i and is maintained thereafter (Figure 3.1B). Interestingly, clozapine 

treatment did not induce significant weight loss in unimmunized healthy controls. As disease 

progresses to 11 d.p.i, vehicle treated mice experience weight loss that becomes significantly 

greater than that of clozapine treated mice by 13 d.p.i (Figure 3.1B) whilst clozapine treated 

mice are pre-clinical. 

Untreated mice reached a mean peak disease score of 2.9 whereas clozapine treated mice 

reached only a mean score of 0.4 (Figure 3.1C). In addition, clozapine significantly delayed 

the onset of EAE disease in mice that got sick from 11.8 d.p.i in vehicle treated mice to 14.5 

d.p.i in clozapine treated mice (Figure 3.1D). Overall disease burden was reduced from 7.7 in 

vehicle treated mice to 0.5 in clozapine treated mice (Figure 3.1E). It is important to note that 

these experiments were ended at 15 d.p.i. Daily water consumption was measured to monitor 

drug intake and although EAE did not have a significant effect on water consumption, adding 

clozapine to the water reduced water consumption of mice significantly when compared to 

vehicle (Figure 3.1F). 
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Figure 3.1 Clozapine treatment attenuates EAE disease course – day 15 

A-F C57BL/6J mice begun treatment with clozapine (60 mg/kg/day) in their drinking water one day before 
EAE induction. Mice were scored (A) and weighed (B) daily for disease (0; normal – 5; moribund). Peak 
disease score of mice (C). Disease onset of mice that succumbed to EAE up to 20 d.p.i (D) and overall disease 
burden assessed by area under the curve analysis (E). Daily water consumption averaged from three 
independent EAE experiments. (F). Shown are means and SEM of individual mice from two experiments 
combined (n = 10 mice in each group; A-E). Statistical analyses performed by two-way ANOVA and Sidak’s 
multiple comparison test for B and F comparing EAE Veh vs EAE Cloz. Mann-Whitney test for C-E. * p < 
0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001 
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Table 1. EAE disease parameters during clozapine treatment 15 d.p.i  

 Incidence 

Weight change % 

(day 15) 

Peak disease 

score Disease onset Disease burden 

Vehicle 90% 

 

-17.30% +/- 2.5% 

(n = 10) 

 

3.167 +/- 0.29  

(n = 10) 

 

11.78 +/- 0.36 

(n = 9) 

 

7.7 +/- 1.613  

(n = 10) 

Clozapine 20% 

 

-11.59% +/- 2.79% 

(n = 10) 

 

0.4*** +/- 0.27  

(n = 10) 

 

14.5* +/- 0.5 

(n = 2) 

 

3.25* +/- 0.3425 

(n = 10) 

* p = 0.0182 by Mann-Whitney test, *** p = 0.0007 by Mann-Whitney test 

 

When mice are left to progress to the chronic phase of disease at 20 d.p.i, clozapine treated 

mice maintain a similar attenuated disease course (Figure 3.2A) and weight change (Figure 

3.2B) as experiments previously completed at 15 d.p.i. However, at the later stages of disease, 

clozapine treated mice reach a higher mean peak disease score (Figure 3.2C) as more clozapine 

treated mice succumb to clinical disease, with a mean disease onset of 16.1 d.p.i vs 11.1 for 

vehicle treated mice (Figure 3.2D). Overall reduction in disease burden was maintained 

(Figure 3.2E) and altogether indicates that clozapine effectively delays the onset of disease 

and reduces the severity of EAE equating to an overall reduced disease burden.  
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Figure 3.2 Clozapine attenuates EAE disease course – day 20 

A-E C57BL/6J mice begun treatment with clozapine (60 mg/kg/day) in their drinking water one day before 
EAE induction. Mice were scored (A) and weighed (B) daily for disease (0; normal – 5; moribund). Peak 
disease score of mice (C). Disease onset of mice that succumbed to EAE up to 20 d.p.i (D) and overall disease 
burden assessed by area under the curve analysis (E). Shown are means and SEM of individual mice from two 
experiments combined (n = 10 mice in each group). Statistical analyses performed by Student’s t-test *** p < 
0.001 and **** p < 0.0001 

 

To investigate whether protection from disease by clozapine treatment is associated with 

altered peripheral immune cell subsets, spleens were analysed for changes in the lymphocyte 

and myeloid cell compartments by flow cytometry. During the induction phase of disease (5 

d.p.i), neither EAE induction or clozapine treatment had a significant effect on the total number 

of cells in the spleen (Figure 3.3A). At this time, EAE induction caused a significant reduction 

in CD4 T cells in vehicle treated mice and to a lesser extent, clozapine treated mice (Figure 

3.3B). Similar to the CD4 T cells, CD8 T cells were significantly reduced with EAE induction 

in vehicle treated mice and to a lesser extent in clozapine treated mice (Figure 3.3C). In 

contrast to CD4 T cells and CD8 T cells, CD11b+ SSChi myeloid cells expand significantly with 

EAE induction with no difference between vehicle and clozapine treated mice (Figure 3.3D). 
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During the effector phase of disease, neither EAE induction or clozapine treatment affected the 

total number of cells in the spleen (Figure 3.3E). Similar to the induction phase, CD4 and CD8 

T cells are significantly lower in mice induced for EAE, however, the difference in CD4 T cells 

and CD8 T cells between vehicle and clozapine treated EAE mice is no longer detectable 

(Figure 3.3F and G). CD11b+ SSChi myeloid cells remain significantly higher in mice induced 

for EAE during the effector phase of EAE but no effect is observed with clozapine treatment 

(Figure 3.3H). These results are consistent with our recent work (L. Green et al., 2017)  and 

indicates that although clozapine is highly effective at reducing EAE disease, little to no 

difference is observed on splenic immune cell subsets. 
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Figure 3.3 Effects of clozapine on splenic immune cells 

EAE was induced in C57BL6/J mice treated with vehicle or clozapine (60 mg/kg/day). Spleens were isolated 
during the induction phase (5 d.p.i; A-D) or the effector phase (15 d.p.i; E-F) and analysed for immune cells 
by flow cytometry.  A Total spleen cells 5 d.p.i determined by cell counting using a haemocytometer. B CD4 
T cells as percentage of total splenocytes 5 d.p.i. C CD8 T cells as percentage of total splenocytes at 5 d.p.i. D 
CD11b+ SSChi myeloid cells as percentage of total splenocytes at 5 d.p.i. E Total spleen cells 15 d.p.i 
determined by cell counting using a haemocytometer. F CD4 T cells as percentage of total splenocytes 15 d.p.i. 
G CD8 T cells as percentage of total splenocytes at 15 d.p.i. H CD11b+ SSChi myeloid cells as percentage of 
total splenocytes at 15 d.p.i. Shown are means and SEM of individual mice from one experiment at 5 d.p.i and 
another at 15 d.p.i (n = 5 mice per group). Statistical analyses by two-way ANOVA and Sidak’s multiple 
comparison test. * p < 0.05,  ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 
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3.3.2 Clozapine administered after peak disease is effective at reducing disease in EAE 

While clozapine treatment started one day before the induction of EAE is effective at delaying 

and reducing disease, it was important to investigate how clozapine affects the recovery from 

EAE by starting treatment at the start of the chronic phase of EAE (20 d.p.i) (Figure 3.4A). 

Using this delayed, therapeutic treatment regimen, disease burden of vehicle and clozapine 

treated mice were measured overall from 0-40 d.p.i, before initiation of treatment 0-20 d.p.i 

and after from 20 d.p.i to 40 d.p.i. Although overall disease burden appears lower, it was not 

statistically significant (p = 0.1772; Figure 3.4B). Before treatment commenced, both 

experimental groups experienced a similar EAE disease course (p = 0.9670; Figure 3.4A). 

When clozapine treatment commenced at 20 d.p.i, clozapine treatment appeared to improve 

slightly from before treatment (p = 0.1101) although this is not statistically significant.  This 

experiment was performed as part of a larger study that was designed to have statistical power 

to detect this smaller improvement and when combined, these differences become statistically 

significant (see Appendix I) indicating that clozapine is effective at reducing disease during 

EAE even when given therapeutically (L. K. Green et al., 2017). 
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Figure 3.4 Clozapine treatment after the induction phase of EAE is not effective at 
reducing disease 

A-D C57BL/6J mice were immunized to induce EAE and scored daily for disease (A) (0; normal – 5; 
moribund). Treatment with clozapine was started 20 d.p.i as indicated by dotted line in A. Overall disease 
burden analysed by area under the curve analysis between 0 d.p.i and 40 d.p.i (B). Disease burden of mice 
assessed by area under the curve between 0 d.p.i and 20 d.p.i. (C). Disease burden of mice assessed by area 
under the curve between 20 d.p.i and 40 d.p.i (D). Shown are means and SEM of individual mice from one 
experiment representative of three. Statistical analyses was performed by Student’s t-test. 
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3.4 Discussion 

The aim of the experiments in this chapter was to validate and optimize previous findings from 

our laboratory showing that clozapine is effective at reducing disease severity during EAE 

when given during the induction phase of disease or after disease onset. We have previously 

shown that at a dose of 60 mg/kg/day, clozapine is highly effective at reducing EAE disease 

when administered by dissolving compounds in drinking water to achieve prolonged drug 

exposure (D. O'Sullivan et al., 2014). In these studies, administration of clozapine via drinking 

water was chosen as the more suitable route for investigating the effects of clozapine as it is 

highly effective at reducing EAE disease. Although clozapine treated mice lose weight after 

starting the treatment regimen, they maintain their weight throughout the experiment even 

when vehicle treated mice begin to lose more weight as they succumb to disease. In addition, 

clozapine treated mice do not visually appear distressed under clozapine treatment and is an 

acceptable compromise for an effective therapeutic. Future studies could incorporate a 

treatment regimen that uses oral gavage to administer a precise amount of clozapine each day 

in a similar manner to a human taking a tablet in a clinical setting. 

Atypical antipsychotic use is heavily associated with weight gain in humans and obesity is a 

significant health-risk for cardiovascular disease, some cancers, diabetes and metabolic 

syndromes (Seidell, 2010). Evidence suggests that people taking antipsychotic agents long 

term have a higher mortality rate than those that do not (Weinmann, Read, & Aderhold, 2009); 

and certainly, people suffering from schizophrenia have a higher mortality rate than the general 

population (Casey et al., 2004). The increased mortality rate is thought to be related to weight 

gain, although there is currently no conclusive evidence for this. Nevertheless, it is an important 

side effect of antipsychotic agents to consider when treating patients. We did not measure a 

significant increase in weight gain when treating mice with clozapine during these experiments 

and may suggest that at doses effective at reducing EAE weight gain is not a significant factor. 

In saying that, it cannot be excluded that the weight gain may have been offset by the initial 

fall in weight after adding clozapine to their drinking water. 

Multiple sclerosis is usually identified after the onset of certain symptoms followed by a 

treatment regimen (Tsang & Macdonell, 2011) . Therefore, a therapeutic model of disease must 

be demonstrated to assess the efficacy of clozapine after the onset of disease. In this model, 

mice are treated during the chronic phase of disease after the initial peak in disease severity. 

We show that clozapine is indeed effective at reducing EAE disease when used therapeutically, 
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indicating that clozapine has potential to treat MS therapeutically. This effect may appear 

modest, however, the EAE induction protocol induces massive infiltration of the CNS and 

rapid demyelination that reaches peak clinical score at 15 days post immunization causing 

neurological damage that is permanent (Papadopoulos, Pham-Dinh, & Reynolds, 2006; Wujek 

et al., 2002). The fact that clozapine is able to significantly reduce disease even when given 20 

d.p.i is remarkable and may therefore be a promising therapeutic for MS. 

Analysis of peripheral immune cell subsets in the spleen of mice indicates that clozapine may 

alter the T cell compartment peripherally during the induction phase of disease. Although no 

significant changes between vehicle and clozapine treated mice were measured during the 

effector phase of disease, it is still possible that the differentiation state of T cells is affected in 

a way that could reduce EAE disease and this possibility is investigated in the following 

chapter. 

3.5 Conclusions 

The experiments in this chapter show that clozapine is effective at reducing overall disease 

severity during EAE when given before EAE induction or after peak disease and indicates that 

clozapine may be effective at treating MS and warrants clinical investigation for efficacy. In 

addition, an orally administered dose of 60 mg/kg/day is highly effective at reducing EAE 

disease and will be used in the following chapters to investigate the immunological 

mechanisms involved in disease protection. Finally, these results show that clozapine has 

potential to alter peripheral immune cell subsets and is investigated in more detail as a potential 

mechanism by which it may reduce EAE disease in the following chapters.   
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4.1 Introduction 

Atypical antipsychotic agents have recently been recognized for their immune modulating 

properties. It was shown in Chapter Three that clozapine modifies the disease course of 

experimental autoimmune encephalomyelitis (EAE), an immune-mediated demyelinating 

disease of the central nervous system (CNS). A number of published studies have already 

shown that atypical antipsychotic agents like clozapine can suppress the activation of microglia 

and reduce inflammatory serum cytokines; however, these studies alone do not sufficiently 

explain how clozapine affects inflammation in the brain during psychiatric disease like 

schizophrenia, nor do they explain how clozapine is able to modify the complex disease course 

of EAE. Given that clozapine is effective at reducing disease and delaying the onset of EAE, 

this chapter explores the effect of clozapine on the induction of the immune response with a 

focus on the development of antigen-specific CD4 T cell responses in the spleen to represent 

immune responses in the periphery as EAE is T cells are activated and differentiate in 

peripheral lymph nodes after subcutaneous immunisation (Fletcher et al., 2010). Splenocyte 

re-stimulation assays are commonly used as a measure of T cell priming efficacy and 

magnitude of response (Ciabattini, Pettini, & Medaglini, 2013).  

Although inflammatory damage in the CNS during multiple sclerosis (MS) and EAE is 

regulated by many cell types including resident microglia and infiltrating monocytes; one of 

the most crucial initiators of disease are myelin-reactive T cells. In EAE, an adaptive immune 

response to the self-antigen, myelin oligodendrocyte glycoprotein (MOG), is induced and this 

response is essential for disease manifestation. In healthy mice, only a few T cells express a 

given TCR that recognizes a specific antigen but upon activation, this small population rapidly 

expands and differentiates such that it dominates the immune repertoire. Activated T cells will 

differentiate into distinct effector lineages, and in the case of MOG-reactive T cells, these 

activated T cells traffic across the BBB to initiate and regulate inflammation in their own 

distinctive fashion. It is well understood that these antigen-specific T cells are crucial for EAE 

and that both IFN-γ-producing Th1 and IL-17-producing Th17 subsets are crucial for disease 

induction and progression (Fletcher et al., 2010). This requirement was previously shown in 

IL-12p40 deficient mice, which fail to develop Th1 and Th17 responses and are consequently 

resistant to EAE (Gran et al., 2002). In contrast to pathogenic Th1 and Th17 subsets, regulatory 

T cells (Treg) maintain tolerance and act to limit effector T cell activation and proliferation, 

preventing excessive and inappropriate inflammatory damage. As expected, suppressing or 
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deleting Treg function results in multi-organ autoimmunity in mice and humans and 

exacerbates EAE. In contrast, increasing Treg function by adoptive transfer of myelin-specific 

Treg can effectively reduce EAE disease (Kohm, Carpentier, Anger, & Miller, 2002; L. A. 

Stephens, Malpass, & Anderton, 2009; Xingmin Zhang et al., 2004). 

Many of the available approved treatments for MS are immune modifying agents that alter 

various aspects of this complex disease. For example, the anti α4β1-integrin monoclonal 

antibody (Natalizumab) first developed using the EAE model blocks the migration of 

lymphocytes into the central nervous system, leading to a reduction in clinical disease (Ted A. 

Yednock et al., 1992). In humans, Natalizumab effectively reduces relapses in MS patients up 

to 68% (Polman et al., 2006). Other treatments such as glatiramer acetate target lymphocytes 

in a different manner and is thought to compete with myelin antigens on APC that promote 

Th2 (Duda, Schmied, Cook, Krieger, & Hafler, 2000; H. J. Kim et al., 2004; Neuhaus et al., 

2000; Vieira, Heystek, Wormmeester, Wierenga, & Kapsenberg, 2003) and Treg (Hong, Li, 

Zhang, Zheng, & Zhang, 2005), leading to suppression of harmful Th1 responses. The 

approach of altering T cell differentiation to treat autoimmune and inflammatory disease have 

been investigated using compounds such as rapamycin to inhibit key signalling enzymes that 

are differentially required for Th cell differentiation. Rapamycin inhibits the mammalian target 

of rapamycin (mTOR) pathway and this inhibits the differentiation of Th1 and Th17 cells while 

promoting differentiation to Treg (Chi, 2012). This approach has proven effective for reducing 

disease in EAE (Esposito et al., 2010). In addition, GSK-3β signalling downstream of Akt has 

also been shown to be a key regulator in the differentiation of Th1 and Th17 cells (Beurel et 

al., 2013; E. Beurel, W. I. Yeh, S. M. Michalek, L. E. Harrington, & R. S. Jope, 2011). GSK-

3β is of particular interest to this study for it has been proposed as the therapeutic target of 

atypical antipsychotics such as risperidone and clozapine in psychiatric illnesses as typical 

antipsychotics do not share these properties (Li, Rosborough, Friedman, Zhu, & Roth, 2007; 

Roh et al., 2007). GSK-3β is constitutively active and phosphorylates β-catenin, tagging it for 

ubiquitination and degradation (Figure 4.1A). Therefore, β-catenin expression can be used as 

a measure of GSK-3β activity. Therefore, if clozapine inhibits GSK-3β in our model systems, 

we would expect β-catenin to accumulate (Figure 4.1B). 
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Figure 4.1 GSK-3β regulates β-catenin expression 

A The constitutively active enzyme GSK-3β regulates β-catenin expression by continually phosphorylating β-
catenin to tag it for degradation in the proteasome. B It is proposed that if clozapine inhibits GSK-3β in our 
model systems, β-catenin would accumulate within cells.  

 

Another effective method of modifying EAE disease is by suppressing the proliferation of self-

reactive lymphocytes. Mitoxantrone achieves this by preventing mitosis through disrupting 

DNA synthesis (Kapuscinski & Darzynkiewicz, 1986) and this effectively reduces disease in 

both EAE (Ridge et al., 1985) and MS (Jeffery & Herndon, 2004). These studies show that 

EAE disease can be attenuated by targeting T cell proliferation and altering the T helper cell 

differentiation. 

Since the discovery that clozapine and other atypical antipsychotic agents are 

immunomodulatory was fairly recent, limited information is available regarding the effects of 

clozapine on the induction of a complex immune response involving both the innate and 

adaptive immune systems. Currently, the idea that clozapine inhibits the activation of microglia 

does not definitively explain its mechanism of action in suppressing CNS inflammation, 

specifically during a T cell-mediated disease like EAE.  

 

This chapter aims to elucidate the effects of clozapine treatment on the proliferation of myelin-

reactive T cells, their differentiation into distinct T helper cell lineages and effector capacity to 

induce EAE disease, as a potential mechanism by which it may reduce disease during EAE.
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4.2 Aim 

The experiments performed in this chapter aim to understand the effect of atypical 

antipsychotic agents on the activation, differentiation and expansion of CD4+ T cells using in 

vitro and in vivo techniques to understand the mechanism by which these agents may be 

working to delay the onset of disease and reduce severity during EAE. 

4.2.1 Specific Aims 

1. To determine whether clozapine treatment has any effect on the differentiation and 

expansion of CD4+ T cells 

2. To determine whether changes in the in vitro model translate to in vivo changes 

during EAE. 

3. To study the effects of clozapine on antigen-specific T cell proliferation in vivo after 

immunization with MOG35-55-peptide to induce EAE 
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4.3 Results 

4.3.1 Clozapine reduces the viability of CD4+ T cells in a concentration dependent 

manner 

In order to appropriately assess the effect of clozapine on CD4 T cell responses, a viability 

assay was conducted to define an appropriate concentration of clozapine that was not cytotoxic 

to cells cultured and stimulated in vitro. Briefly, splenocytes from 2D2MOG35-55 TCR mice were 

stimulated with MOG35-55 peptide in increasing concentrations of clozapine for 72 hours. Under 

these conditions, CD4+ T cells from unstimulated wells did not survive regardless of the 

presence of clozapine in the culture medium indicating that CD4+ T cells did not remain viable 

in cell culture without stimulation (Figure 4.2A-B). MOG35-55-peptide-stimulated splenocytes 

had expanded CD4+ T cell proportions as we would expect, and when clozapine was added to 

the culture medium, there was a significant reduction in viable CD4 T cells above 40 µM 

(Figure 4.2B) but remained viable at 20 µM or less for up to five days of stimulation (Figure 

4.2C). Therefore, a clozapine concentration of 20 µM was used for all subsequent in vitro 

experiments. 
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Figure 4.2 Clozapine reduced viability of stimulated CD4 T cells at concentrations 
greater than 40 µM 

A-C 2D2 splenocytes were stimulated with MOG35-55-peptide for 72 hours (A and B) or 120 hours (C) and 
analysed for cell viability by flow cytometry using Zombie NIR viability dye. (A) Representative dot plots of 
Zombie NIR staining in CD4+ T cells (gated to exclude doublets) after 72 hours with MOG35-55-peptide. (B)  
Graph of CD4 T cell viability in increasing concentrations of clozapine. Shown are means and SEM of duplicate 
wells representing two experiments. **** p < 0.001 by one-way ANOVA and Dunnett’s multiple comparison 
test. (C) Zombie NIR histograms of CD4 T cells from pooled triplicate wells of 2D2 splenocytes stimulated 
with MOG35-55-peptide after 120 hours in clozapine (20 µM) or vehicle from one experiment.  
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4.3.2 Clozapine did not alter Th1 and Th17 differentiation but promoted Treg 

expansion 

In light of the signalling alterations clozapine is reported to modify, it was hypothesized that 

clozapine could alter signalling pathways important for translating cytokine signals during 

CD4 T cell differentiation into effector Th1, Th17 or Treg. To generate activated antigen-

specific T cells biased towards different subset lineages, 2D2MOG35-55 TCR splenocytes were 

stimulated with the MOG35-55 peptide in vitro. Firstly, to determine whether this model could 

effectively differentiate MOG35-55-specific CD4+ T cells into Th1, Th17 and Treg subsets, 

2D2MOG35-55 TCR splenocytes were stimulated with MOG35-55 peptide alone, and the expression 

of transcription factors T-bet, RORγT and Foxp3 were measured in T cells by flow cytometry 

(Figure 4.3A-C).  This environment induced moderate T-bet expression (Figure 4.3D) but did 

not induce expression of RORγT (Figure 4.3E) or Foxp3 ( 

Figure 4.3F). When stimulated in Th1 differentiating medium, T-bet expression (i.e. MFI) 

increased by 97% over MOG35-55-peptide alone (Figure 4.3D) indicating robust differentiation 

to Th1. Stimulating 2D2MOG35-55 TCR splenocytes in Th17 differentiating medium, increased 

RORγT expression by 111% (Figure 4.3E), whereas T-bet (Figure 4.3D) and Foxp3 (Figure 

4.3F) were not induced indicating robust Th17 differentiation. Finally, when stimulated in Treg 

differentiating medium, Foxp3 expression increased by 160% over MOG35-55-peptide alone 

(Figure 4.3F) with no induction of T-bet (Figure 4.3D) or RORγT (Figure 4.3E) indicating 

robust differentiation to iTreg.  
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Figure 4.3 Induction of T-bet, RORγT and Foxp3 in CD4 T cells 

A-F 2D2 splenocytes were plated at 1x106 cells/mL and stimulated with MOG35-55-peptide (50 µg/mL) in rIL-
12p70 (20 ng/mL) and anti-IL-4 (11B11; 10 µg/mL) for Th1 differentiation. rTGFβ1 (5 ng/mL), rIL-6 (20 
ng/mL) and anti-IFNγ (XMG1.2; 10 µg/mL) for Th17 differentiation. rTGFβ1 (5 ng/mL), anti-IL-6 (MP5-
20F3; 10 µg/mL) and  anti-IFNγ (XMG1.2; 10 µg/mL) for Treg differentiation. A-C Histogram of transcription 
factor expression in CD4 T cells when cultured in medium or Th1 (A), Th17 (B) and Treg (C) differentiating 
conditions. D-F Graphical presentation of the geometric mean fluorescence intensity of transcription factors in 
CD4 T cells after differentiating in medium or Th1(D), Th17 (E) and Treg (F) differentiating conditions. Shown 
are the means and SEM of triplicate wells from one experiment representing three independent experiments. 
**** p < 0.001 by two-way ANOVA and Sidak’s multiple comparison test. Gating strategy to identify CD4 T 
cells are shown in Appendix II. 

 

Clozapine was then added to the culture during differentiation to Th1 at 20 µM, which is the 

concentration previously determined not to cause cell death, and analysed for Th1 

differentiation by expression of T-bet and production of IFN-γ+ (Figure 4.4A).  With clozapine 
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present, no difference in IFN-γ+ cells was observed (Figure 4.4B). Clozapine did, however, 

prompt a subtle but statistically significant decrease in the proportion of T-bet+ cells after 

differentiation (Figure 4.4C). The level of T-bet protein expression in CD4 T cells was not 

significantly altered by clozapine (Figure 4.4D) indicating that although there are less T-bet+ 

cells, T-bet expression within cells was unaffected. These results indicate that clozapine has a 

minor effect on the differentiation to Th1 cells, but whether this modest change results in a 

functional difference needs to be determined. 

 

 

 

Figure 4.4 Clozapine did not significantly alter differentiation to Th1 

A-D 2D2 TCRMOG35-55 splenocytes were cultured at 1x106 cells/well in Th1 differentiation medium (20 ng/mL 
IL-12p70, 10 µg/mL anti-IL-4) and stimulated with MOG35-55 peptide for 72 hours. A Representative dot plots 
of T-bet and IFN-γ expression in CD4+ T cells after differentiation with clozapine (20 µM) or vehicle. Gating 
strategy to identify CD4 T cells is shown in Appendix II. B Proportion of IFN-γ+ CD4 T cells after 
differentiation. C Proportion of T-bet+ CD4 cells after differentiation. D Geometric mean of T-bet in CD4 T 
cells. Shown are means and SEM of two independent experiments combined. Statistical analyses were 
performed by two-way ANOVA with Sidak’s multiple comparison test.  
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Differentiation of CD4 T cells towards Th17 requires TCR activation and the cytokine signals 

IL-6 and TGF-β. Clozapine was added to the culture medium during differentiation to Th17 

cells and RORγT expression and IL-17A production were assessed (Figure 4.5A). Similar to 

Th1 cells, clozapine did not affect the induction of IL-17A+ T cells (Figure 4.5B) although a 

subtle but statistically significant reduction in the proportion of RORγT+ CD4 cells was 

observed (Figure 4.5C). Despite a slight reduction in RORγT+ CD4 cells, no reduction in the 

expression level of RORγT transcription factor was measured in CD4 cells (Figure 4.5D). 

These results indicate that clozapine does not prevent differentiation to Th17 cells. 

 

Figure 4.5 Clozapine did not alter Th17 differentiation 

A-D 2D2 TCRMOG35-55 splenocytes were cultured at 1x106 cells/well in Th17 differentiating medium (5 ng/mL 
TGF-β, 20 ng/mL IL-6 and 10 µg/mL anti IFN-γ) and stimulated with MOG35-55 peptide for 72 hours. A RORγT 
and IL-17A expression in CD4+ T cells after differentiation with clozapine (20 µM) or vehicle. Rationale for 
setting quadrant gates can be found in Appendix II. B Proportion of IFN-γ+ CD4 T cells after Th1 
differentiation. C Proportion of RORγT+ CD4 T cells after Th17 differentiation. D Geometric mean of RORγT 
in CD4 T cells. Shown are means and SEM of two independent experiments combined. Statistical analyses 
were performed by two-way ANOVA and Sidak’s multiple comparison test. 

 

In order for iTreg to differentiate, TGF-β must be present and IL-6 absent during TCR 

stimulation. To investigate whether clozapine affected iTreg differentiation, clozapine was 



	76 

added to the culture medium during stimulation. Activated iTreg were identified as CD25+ 

Foxp3+ by flow cytometry (Figure 4.6A). Interestingly, clozapine increased the frequency of 

Foxp3+CD25+ CD4 T cells significantly from 33% to 50% (Figure 4.6B). In addition, 

clozapine increased the expression of Foxp3 in iTreg (Figure 4.6C) indicating that clozapine 

promoted the expression of Foxp3 and the expansion of Foxp3+ iTreg. Altogether, these data 

show that while clozapine had minor effects on MOG35-55-specific differentiation to Th1 and 

Th17 cells, it effectively promoted iTreg differentiation. 

 

 

Figure 4.6 Clozapine promoted Treg differentiation and Foxp3 expression 

A-C 2D2 splenocytes were plated at 1x106 cells/mL and stimulated with MOG35-55-peptide (50 µg/mL) in Treg 
differentiating medium (rTGFβ1 (5 ng/mL), anti-IL-6 (MP5-20F3; 10 µg/mL) and anti-IFN-γ (XMG1.2; 10 
µg/mL) A Representative dot plots of CD25 and Foxp3 expression after differentiating in clozapine (20 µM) 
or vehicle. Gating strategy to identify CD4 T cells are shown in Appendix II. B Proportion of Foxp3+ CD4 T 
cells after differentiation. C Geometric MFI of Foxp3 on Foxp3+ Treg after differentiation. Shown are means 
and SEM of two independent experiments combined. Statistical analyses were performed by two-way ANOVA 
with Sidak’s multiple comparison test. 
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4.3.3 β-catenin expression was unaltered by clozapine in iTreg 

To investigate the potential signalling alterations that may have enhanced the differentiation of 

iTreg in the presence of clozapine, a pilot study was performed to investigate the involvement 

of GSK-3β by measuring β-catenin expression by flow cytometry in Treg and non-Treg as a 

measure of GSK-3β. Firstly, the differentiation of iTreg was determined 24, 48 and 72 hours 

post stimulation. By 24 hours, iTreg were differentiated only in the presence of MOG35-55 

peptide and Treg-inducing medium (Figure 4.7A). At this time point, clozapine did not affect 

the differentiation of iTreg as no difference was observed between the vehicle and clozapine 

conditions (Figure 4.7A). No iTreg differentiation was observed in the absence of MOG35-55-

peptide even in Treg-inducing conditions from 24-72 hours (Figure 4.7A-C). By 48 hours, 

iTreg differentiation was increased further and clozapine induced a significant increase in the 

proportion of iTreg in the culture when compared to the vehicle control (Figure 4.7B). 

Similarly, after 72 hours, the proportion of iTreg continued to rise and the increase in iTreg in 

the clozapine condition was maintained (Figure 4.7C).  

Next, β-catenin expression in iTreg (Foxp3+) and non-Treg (Foxp3-) CD4 T cells was 

compared (Figure 4.7D). MOG35-55-peptide stimulation induced an increase in β-catenin 

expression in cells stimulated in media or Treg-inducing conditions, and this was maintained 

from 24 to 72 hours (Figure 4.7E-F). Clozapine induced a modest but statistically significant 

increase in  β-catenin expression in Foxp3- CD4 T cells after 48 hours (Figure 4.7E). No 

difference in β-catenin expression was detected in either iTreg or non-Treg cultured in the 

presence of vehicle or clozapine at 24 and 72 hours. Additionally, no difference in β-catenin 

expression was measured between iTreg and non-Treg irrespective of their culture conditions 

or time in culture (Figure 4.7E). These results indicate that iTreg do not have a higher 

expression of β-catenin than non-Treg and that increased iTreg differentiation by clozapine is 

not associated with an increase in β-catenin expression in CD4 T cells. 
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Figure 4.7 β-catenin expression was unaltered by clozapine in iTreg 

A-E 2D2 splenocytes were plated at 1x106 cells/mL and stimulated with MOG35-55-peptide (50 µg/mL) in Treg 
differentiating medium (rTGFβ1 (5 ng/mL), anti-IL-6 (MP5-20F3; 10 µg/mL) in the presence of clozapine (20 
µM) or vehicle. Media, media control; Treg, Treg inducing medium; MOG, MOG35-55-peptide. A Foxp3+ Treg 
are presented as the percentage of CD4 after 24 hours (B), 48 hours, (C) or 72 hours of culture (D). 
Representative gating of strategy to identify Foxp3+ Treg and Foxp3- CD4 T cells to measure ß-catenin 
expression. Gating strategy to identify CD4 T cells is shown in Appendix II. E β-catenin expression presented 
as ∆MFI (∆MFI = MFI- isotype control). F Histogram of β-catenin expression of isotype control, unstimulated 
and MOG35-55-peptide stimulated CD4 T cells. Shown are means and SEM of triplicate wells from one 
experiment. ** p < 0.01, **** p < 0.001 by two-way ANOVA and Sidak’s multiple comparison test. 
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4.3.4 Treatment with clozapine did not alter peripheral Th cell subsets during EAE 

Due to the finding that clozapine can alter Th1 and Th17 differentiation while promoting iTreg 

in an in vitro system, it was necessary to determine whether a similar effect on T cell 

differentiation could be observed in an in vivo model. To assess differentiation of T cell subsets 

in vivo, mice were immunized to induce EAE and T cell subset populations were measured 

during the induction (5 d.p.i) and the effector phases (15 d.p.i) of EAE. During the induction 

phase when all mice were sub-clinical (Figure 4.8A), Th17 differentiation was assessed by 

RORγT expression in CD4 T cells. While immunization for EAE induced a significant increase 

in proportion of Th17 cells compared to unimmunized mice, no impairment in the induction of 

Th17 cells was detected during treatment with clozapine (Figure 4.8B). Treg were identified 

as CD25+ Foxp3+ and at 5 d.p.i, the proportion of Treg were significantly lower in immunized 

mice compared to unimmunized controls. Clozapine treatment did not have an effect on the 

proportion of Treg regardless of immunization (Figure 4.8C). T-bet expression was not 

detected in ex vivo samples. Instead, to assess the induction of MOG35-55-specfic Th1 cells as 

well as Th17 cells, splenocytes were isolated, cultured and stimulated with MOG35-55-peptide 

to investigate antigen-specific IFN-γ and IL-17A recall responses as a measure of Th1 and 

Th17 induction, respectively. Immunized mice produced significant levels of IFN-γ (Figure 

4.8D) and IL-17A (Figure 4.8E) in response to MOG35-55-peptide while unimmunized mice 

did not, indicating that immunization induced strong antigen-specific responses. Clozapine-

treated, immunized mice produced similar levels of IFN-γ to vehicle-treated immunized mice 

indicating no impairment in the antigen-specific induction of Th1 cells (Figure 4.8D). 

Consistent with the finding that no difference in Th17 cells was detected, no difference in IL-

17A production was measured between clozapine and vehicle-treated mice (Figure 4.8E) 

indicating that clozapine did not affect the induction of MOG35-55-peptide specific T cell 

responses at this time point.  
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Figure 4.8  Clozapine had no effect on Th development during the induction phase of 
EAE 

A-E Mice were treated with clozapine (60mg/kg/day) or vehicle in their drinking water one day prior to EAE 
induction. Spleens were analysed for Th17 and Treg cells at 5 d.p.i (induction phase) A Disease score of mice 
with line at day 5 indicating time of euthanasia. Th17 cells (B) and Treg (C) as percent of CD4 in spleen 5 
d.p.i. Rationale for gating RORγT+ and Foxp3+ CD4 T cells are presented in Appendix II. D-E IFN-γ (D) and 
IL-17A (E) in the supernatant after 72 hours ex-vivo re-stimulation of splenocytes with MOG35-55 peptide). 
Shown are means and SEM of individual mice from one experiment (n = 5 mice/group). 

 

By the effector phase of EAE 15 d.p.i, all vehicle-treated mice reached peak EAE disease 

whereas clozapine-treated mice had only mild or no EAE (disease onset is approx. 16 d.p.i) 

(Figure 4.9A). To investigate whether this remarkable discordance in disease course was 

associated with defective induction of Th1, Th17 or Treg, splenocytes were isolated 15 d.p.i 

and analysed by flow cytometry. As in the induction phase, clozapine treatment did not affect 

the proportion of Th17 cells when compared to vehicle-treated mice despite the fact that EAE 

significantly increased Th17 cells in the spleen (Figure 4.9B). In contrast to the induction 
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phase, Treg proportions in the spleen increased significantly in immunized mice 15 d.p.i., but 

no detectable differences were observed between clozapine- and vehicle-treated mice (Figure 

4.9C). Finally, to assess induction of MOG35-55-specific recall responses 15 d.p.i, splenocytes 

were isolated and re-stimulated with MOG35-55-peptide and assessed for IFN-γ and IL-17A 

production. As expected, immunized mice produced significant levels of IFN-γ (Figure 4.9D) 

and IL-17A (Figure 1.8E) while unimmunized mice did not, indicating induction of MOG35-

55-peptide specific responses to EAE induction. Similar to the induction phase, clozapine-

treated mice did not have impaired induction of IFN-γ (Figure 4.9D) or IL-17A (Figure 4.9E) 

in response to MOG35-55-peptide indicating that clozapine treatment does not alter the induction 

of antigen-specific T cell responses. It should be noted that at 15 d.p.i, Th1 responses 

dominated over Th17 responses, in contrast to the induction phase where Th17 responses 

dominated over Th1, consistent with a previously published study (Yoshifumi Sonobe et al., 

2007). To support the finding that clozapine did not alter differentiation of Th1 and Th17, 

intracellular cytokine staining was performed on splenocytes to determine the proportion of 

IFN-γ and IL-17A producing CD4 T cells in mice treated with clozapine or vehicle (Figure 

4.9F). No difference in IFN-γ+ cells (Figure 4.9G) or IL-17A+ (Figure 4.9H) CD4 T cells was 

detected between vehicle and clozapine treated mice. Altogether, these results show that 

although clozapine-treated mice were protected from disease at 15 d.p.i, protection from EAE 

was not associated with defective MOG35-55-peptide specific CD4 T cell responses during the 

induction or the effector phases of EAE. 
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Figure 4.9 Clozapine did not alter Th subset development during the effector phase of 
EAE 

A-H Mice were treated with clozapine (60mg/kg/day) or vehicle in their drinking water one day prior to EAE 
induction. Spleens were analysed for Th17 and Treg cells at 15 d.p.i (effector phase) A Disease score of mice 
with line at day 15 indicating time of euthanasia. Th17 cells (B) and Treg (C) as percent of CD4 in spleen 15 
d.p.i. Rationale for gating RORγT+ and Foxp3+ CD4 T cells are presented in Appendix II. D-E IFN-γ (D) and 
IL-17A (E) in the supernatant after 72 hours ex-vivo re-stimulation of splenocytes with MOG35-55 peptide). F 
Representative dot plots of intracellular cytokine staining for IFN-γ+ and IL-17A+ CD4 T cells ex vivo. 
Rationale for placing quadrant gates are shown in Appendix II. G-H G IFN-γ+ and H IL-17A+ CD4 T cells 
presented as percentage of CD4. Shown are means and SEM of individual mice from two experiments 
combined (n = combined 10 mice/group; A-C), one experiment representing three (n = 5 mice/group; D-E) and 
one experiment (n = 5 mice/group; F-H). For statistical analyses, a two-way ANOVA (B-E) or Student’s t-test 
(G-H) was used. * p < 0.05, *** < 0.001. 
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4.3.5 Clozapine did not alter MOG35-55-specific T cell expansion after EAE induction 

Since the effect of clozapine treatment on the proliferation of MOG35-55-specific T cells is 

currently unknown, it was necessary to determine whether clozapine significantly affected the 

proliferation of myelin reactive CD4+ T cells as a potential mechanism by which clozapine 

could reduce or delay EAE disease. An in vivo proliferation assay was performed by 

transferring CFSE labelled cells from 2D2MOG35-55 TCR mice expressing CD45.2 into recipient 

congenic B6-SJptprca mice expressing CD45.1. The use of congenic mouse strains allowed for 

the discrimination of donor CD4+ 2D2MOG35-55 from host (Figure 4.10A). Recipient mice were 

then immunized to induce EAE and the proliferation of transferred 2D2MOG35-55 TCR CD4+ T 

cells was measured after 5 days by CFSE dilution. 2D2MOG35-55 TCR CD4+ proliferated in 

response to immunization with MOG35-55-peptide in vehicle-treated mice. Interestingly, 

treatment with clozapine using a regime previously shown to be effective at reducing EAE 

disease did not affect the percentage of cells that proliferated nor the proliferation index of 

these cells in the draining lymph nodes (Figure 4.10B), spleen (Figure 4.10C) and peripheral 

blood (Figure 4.10D), indicating that although clozapine effectively delayed disease onset and 

disease severity, treatment did not alter the proliferative capacity of MOG35-55-peptide-specific 

CD4 T cells during EAE induction. 



	84 

 

Figure 4.10 Clozapine did not alter MOG35-55-specific T cell expansion after EAE 
induction 

A-D 20x106 CFSE labelled cells from 2D2MOG35-55 TCR (CD45.2) mice were injected i.p into congenic B6-
Sjptprca (CD45.1) mice one day prior to immunization for EAE. After 5 days, mice were euthanized. 
Representative gating strategy for identifying 2D2MOG35-55 TCR CD4+ T cells in draining lymph nodes. First, 
single cells were identified using FSC-A vs FSC-H and followed by cells of interest using FSC-A and SSC-A. 
Lymphocytes were identified by CD11b-CD3+ followed by CD8-CD4+ to identify CD4 T cells. Donor cells 
were then identified by CD45.1-CD45.2+ expression and analysed using FlowJo proliferation platform (A). 
Shown are graphs of cells in each generation assessed by CFSE dilution, % of cells proliferated and 
proliferation index (no. of divisions/no. of cells that divided) (left to right) from draining lymph nodes (B; 
mesenteric and inguinal lymph nodes), spleen (C) and blood (D). Shown are means and SEM of values from 
individual mice (Veh n = 2, Cloz n = 3) from one representative experiment of two. 



	 85 

4.3.6 The clozapine-mediated delay and reduction in EAE was not mediated by Treg 

Previously published studies have described the important role of Treg for limiting disease 

severity and controlling effector function of T cells during EAE (Koutrolos, Berer, Kawakami, 

Wekerle, & Krishnamoorthy, 2014; McGeachy, Stephens, & Anderton, 2005; Montero et al., 

2004; X. Zhang et al., 2004). Indeed, we have shown that the Treg population increases 

significantly at the effector phase of EAE before entering the recovery phase. In this study, we 

found that clozapine promotes the differentiation of Treg and also increases the expression of 

Foxp3 in an in vitro model of T cell differentiation. The Foxp3 transcription factor is the master 

regulator of Treg suppressive function and is absolutely essential for the identification of Treg. 

The significance of Foxp3 expression in Treg has been reported to be more informative than 

Treg frequency for suppressive function when assessing longevity in an allograft transplant 

model, suggesting that an increase in Foxp3 expression may also improve the suppressive 

function of Treg in EAE. Given that clozapine is able to increase Foxp3 expression in Treg in 

an in vitro model, it was essential to assess whether protection from EAE by clozapine 

treatment was facilitated by enhancing regulatory T cell function in vivo.  

To achieve this goal experimentally, Treg were neutralized using an anti-CD25 mAb (PC61; 

200 µg/mouse) injected prior to the induction of EAE and maintained at regular intervals to 

maintain robust CD25 neutralization throughout the course of the experiment (Figure 4.11A). 

This approach has been used in multiple EAE models to effectively block CD25 dependent 

Treg function in vivo (Akirav, Bergman, Hill, & Ruddle, 2009; McGeachy et al., 2005; 

Montero et al., 2004; Leigh A. Stephens, Gray, & Anderton, 2005). Firstly, to assess CD25 

neutralization, an Alexa Fluor 488 conjugated anti-CD25 (PC61) was used to detect CD25 

molecules unbound by purified anti-CD25 on CD4+Foxp3+ T cells. No CD25 binding was 

detected at 0 (Figure 4.11B), 10 (Figure 4.11C) and 17 d.p.i (Figure 4.11D) demonstrating 

complete and effective neutralization of Treg during the course of the experiment.  
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Figure 4.11 Schematic for Treg neutralization 

A-D Treg neutralization. Timeline of anti-CD25 injections and EAE induction (A). Analysis of splenocytes for 
anti-CD25 conjugated to Alexa Fluor 488 after injection with either purified rat IgG or purified anti-CD25 
(PC61) from mice euthanized at 0 (B), 10 (C) and 17 d.p.i (D). Shown are representative flow cytometry plots 
at each time point from one experiment representing two.  

 

When Treg were neutralized by anti-CD25 EAE disease was exacerbated in vehicle treated 

mice (Figure 4.12A). Although the onset of disease is not affected by anti-CD25 (Figure 

4.12B), vehicle treated EAE mice that received anti-CD25 injections reached a significantly 

higher peak disease score (Figure 4.12C) whereas mice that received clozapine maintained 

robust protection from EAE and had a similar onset of disease (Figure 4.12B), peak disease 

score (Figure 4.12C) and overall disease burden (Figure 4.12D) to mice that received rat IgG 

control antibody. Antigen-specific recall responses to MOG35-55-peptide were measured to 
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further determine whether clozapine treatment had affected Treg function in controlling 

antigen-specific responses. Splenocytes were re-stimulated with MOG35-55-peptide and IFN-γ 

and IL-17A produced was measured to assess Th1 and Th17 effector response at 20 d.p.i. 

CD25-neutralized mice appeared to produce more IFN-γ (Figure 4.12E) and IL-17A (Figure 

4.12F) than mice that received rat IgG control, although this did not reach statistical 

significance. Nevertheless, no difference in MOG35-55-peptide specific IFN-γ or IL-17A were 

observed between clozapine and vehicle treated mice irrespective of their CD25 neutralization 

status. These results indicate that while Treg function was required for limiting disease severity 

in EAE, their function was dispensable for the protective effect of clozapine. This finding 

suggests that although clozapine may enhance Treg function in vitro, their function was not 

responsible for delaying and reducing disease during EAE. 
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Figure 4.12 Protection by clozapine was not dependent on CD25+ regulatory T cells 

A-F Treg were neutralized in mice 3 days before EAE induction and maintained throughout the experiment. 
Clozapine or vehicle was added to drinking water one day before induction for EAE and mice scored daily for 
disease (0; normal – 5; moribund).  Disease score of mice up to 20 d.p.i. (A). First onset of disease of mice that 
succumbed to EAE (B). Peak disease score reached (C). Disease burden assessed by area under the curve 
analysis (D).  Shown are the means and SEM of individual mice from two experiments combined (combined n 
> 7 mice in each group). E-F IFN-γ (E) and IL-17A (F) production in the supernatant after MOG35-55-peptide 
specific recall for 72 hours. Shown are the means and SEM of individual mice from one experiment. n > 4 mice 
in each group. * p < 0.05, ** p < 0.01 by two-way ANOVA and Sidak’s multiple comparison test. •• p < 0.01 
by Mann-Whitney. 
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4.3.7 Clozapine did not alter the encephalitogenic capacity of myelin-specific T cells 

The experiments conducted in this study have indicated that clozapine can affect the 

differentiation of CD4 T cells into Th1, Th17 and Treg subsets. Although these changes were 

not observed during EAE, these results indicate that the presence of clozapine during T cell 

activation could have the potential to affect downstream effector function and impair the 

capacity to induce EAE. To address whether clozapine has a critical effect on the functional 

capacity of myelin-specific T cells to induce EAE, a passive transfer of EAE model was 

developed where MOG35-55-peptide reactive cells were isolated from immunized donor mice, 

activated to become encephalitogenic in vitro and then transferred into naïve recipients. 

Clozapine was added during the activation stage to determine whether it affected the capacity 

of the T cells to induce EAE.   

First, an effective adoptive transfer model of EAE was developed. Adoptive transfer of cells 

activated with MOG35-55-peptide and IL-2 resulted in mild EAE in only a small fraction of mice 

(Figure 4.13). In contrast, when IL-12p70 and anti-IFN-γ were added, adoptive transfer 

reliably induced severe EAE (Figure 4.13). The fact that adoptive transfer of MOG35-55-

specific T cells stimulated with MOG35-55-peptide and IL-2 induced only mild EAE with low 

incidence while adoptive transfer of myelin-specific CD4 T cells expanded with MOG35-55-

peptide, IL-12p70 and anti IFN-γ induced severe disease, highlights the importance of the 

cytokine milieu during activation for encephalitogenicity.  
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Figure 4.13 Adoptive transfer of T cells expanded in MOG35-55-peptide with IL-
12p70 and anti-IFN-γ was sufficient to induce EAE 

Donor mice are immunized with MOG35-55-peptide and euthanied 12 d.p.i.  Donor cells from spleen and lymph 
nodes were harvestd 12 d.p.i and stimulated with MOG35-55-peptide and IL-2 (10 U/mL) (closed box) or MOG35-

55-peptide and differentiated with IL-12p70 (20 ng/mL) and anti-IFN-γ (10 µg/mL) (open box) for 96 hours. 
2x107 cells were adoptively transferred to naïve recipients to induce passive EAE. Mice were weighed and 
scored daily for disease (n = 10 mice in each group from one experiment). 

 

To investigate whether clozapine could affect downstream effector function, MOG35-55-

specific CD4 T cells were activated and expanded in the presence of clozapine before adoptive 

transfer into naïve mice. Adoptive transfer of encephalitogenic cells induced EAE whether they 

were activated in the presence of clozapine or vehicle with a similar disease course (Figure 

4.14A) and weight change (Figure 4.14B). Clozapine did not alter overall disease burden 

(Figure 4.14C), suggesting that the presence of clozapine during the activation of CD4 T cells 

did not alter their function in a way that could affect their potential to induce EAE disease in 

recipient mice. 
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Figure 4.14 Clozapine did not alter encephalitogenicity of MOG35-55-specific T cells 

A-C Spleens and draining lymph nodes were harvested from immunized donor mice and expanded in vitro 
with MOG35-55 peptide, IL-12p70 (20 ng/mL) and anti-IFN-γ (10 µg/mL) in the presence of clozapine (20 µM) 
or vehicle for 96 hours. 20x106 cells were then injected i.p into recipient mice to induce passive EAE. Mice 
were weighed and scored daily for disease (0; normal – 5; moribund). A Disease score of mice up to 40 d.p.i B 
Weights of mice up to 40 d.p.i. C Disease burden of mice assessed by area under the curve analysis. Shown 
are the means and SEM of individual mice from 3 independent experiments combined. (combined n = 15 mice 
in each group). Mann-Whitney test was used to determine whether disease burden was statistically different 
between vehicle and clozapine. 

 

4.3.8 Clozapine did not protect from adoptively transferred EAE disease 

The adoptive transfer of EAE model previously described has been instrumental in delineating 

the role of individual components and immunological events that occur during EAE. This 

chapter has already shown that encephalitogenic T cells can be manipulated before transfer 

into mice to investigate the effects of individual cytokines or compounds on EAE. By 

adoptively transferring encephalitogenic T cells into naïve mice, the induction phase of EAE 

can effectively be omitted, allowing simplified analysis of a treatment regimen such as 

clozapine to be active only during the effector phase of disease and not in the induction phase. 

To address whether clozapine protects from EAE by altering disease mechanisms during the 

induction or the effector phase of disease, passive EAE was induced in mice either treated with 

clozapine or vehicle. As expected, vehicle treated mice succumbed to adoptively transferred 

EAE. However, somewhat unexpectedly, mice treated with clozapine were no longer protected 

from EAE when induced by adoptive transfer of encephalitogenic T cells (Figure 4.15A). Mice  

which were treated with clozapine had a similar disease onset (Figure 4.15B) and disease 

burden to untreated mice (Figure 4.15C). These results show that although clozapine was 

effective at delaying EAE onset and reducing disease severity when EAE was induced actively, 

clozapine was not protective when EAE was induced using adoptively transferred 
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encephalitogenic T cells generated in this way. These results could indicate that clozapine has 

an important effect on the induction phase of disease, but is not similarly effective during the 

effector phase. Alternatively, the protocol used to induce passive EAE may be so effective at 

inducing EAE disease that the effect of clozapine is no longer detectable.  

 

 

 

Figure 4.15 Clozapine did not protect from adoptively transferred EAE disease 

A-C Spleens and draining lymph nodes were harvested from immunized donor mice and expanded in vitro 
with MOG35-55 peptide, IL-12p70 (20 ng/mL) and anti-IFN-γ (10 µg/mL) for 96 hours. 2x107 cells were then 
injected i.p into recipient mice to induce passive EAE one day after adding clozapine (60 mg/kg/day) or vehicle 
to the drinking water. Mice were weighed and scored daily for disease (0; normal – 5; moribund). A Disease 
score of mice up to 40 d.p.i. B Disease onset of mice that got sick (d.p.i; days post immunization) C Disease 
burden of mice assessed by area under the curve analysis. Shown are the means and SEM of individual mice 
from 3 independent experiments combined. (combined n = 15 mice in each group). Mann-Whitney test was 
used to determine whether disease burden was statistically different between vehicle and clozapine. 
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4.4 Discussion 

Multiple sclerosis is considered an autoimmune disease mediated by self-reactive T cells with 

many studies suggesting that self-reactivity to myelin antigens is central to disease. In support 

of this is the EAE model, which is induced by immunization with the self-peptide MOG and 

results in the formation of lesions similar to those found during multiple sclerosis. We have 

shown that atypical antipsychotic agents like clozapine and risperidone are effective at 

reducing disease in EAE with potential to be effective in multiple sclerosis. Previous reports 

have indicated that clozapine may be able to alter intracellular signalling which theoretically 

has the potential to alter signalling of T cells during activation and differentiation. This chapter 

investigated the effects of clozapine treatment on various CD4 T cell functions as a potential 

mechanism by which clozapine may reduce or delay EAE disease. It was found that although 

clozapine effectively reduced disease severity and delayed disease onset, the proliferative 

capacity of MOG35-55-specific CD4 T cells and their differentiation into Th1 Th17 or Treg 

subsets after immunization were unaffected. Clozapine-treated mice maintained robust 

antigen-specific responses that were comparable to untreated mice despite having significantly 

attenuated disease. In vitro, clozapine promoted Treg differentiation but in vivo Treg were not 

involved in disease protection. These results show that protection from EAE is not associated 

with defective antigen-specific responses in the periphery and indicate a potential mechanism 

of protection that involves other mechanisms, tissues and immune cell types.  

During the induction phase of EAE, MOG35-55 in complete Freund’s adjuvant is presented by 

activated dendritic cells to cognate CD4 T cells which then respond by proliferating and 

differentiating into effector subsets for immediate response. Modifying the proliferation of 

CD4 T cells can effectively suppress EAE disease; for example, the clinically approved 

treatment for multiple sclerosis, Mitoxantrone, works in this way by disrupting DNA synthesis 

and preventing proliferation (Neuhaus et al., 2005). Similarly, microtubule-stabilizing agents 

can impair MOG3-55-peptide specific T cell proliferation (David O'Sullivan et al., 2013). It is 

therefore sensible to question whether clozapine delays the onset and attenuates disease in EAE 

by suppressing the proliferation of self-reactive T cells. These experiments provide evidence 

that clozapine does not alter the proliferation of MOG35-55-peptide specific CD4 T cells in the 

periphery after immunization. Future studies need to be performed to determine whether T cell 

re-activation in the CNS tissue is affected by clozapine treatment. 
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Given the relatively recent discovery that atypical antipsychotic agents can modify the immune 

response, published experimental articles that describe precise mechanisms of action on 

immune cells remain scarce. There is however a number of studies describing the effect of 

clozapine on cell signalling pathways in other cell types using tissue culture experiments, and 

these experiments show that clozapine in cell culture can inhibit the phosphorylation of Akt 

and modulate GSK-3β in response to a stimulus like epidermal growth factor (Shin et al., 2006). 

However, studies have also shown that clozapine may increase Akt phosphorylation (Fabio 

Panariello et al., 2012). In either case, it is known that the Akt pathway is important for 

metabolism, protein synthesis and during TCR activation. Antigen-specific activation of Akt 

in T cells activates the mammalian target of rapamycin (mTOR) and GSK-3β downstream of 

Akt, which has a regulatory role in cell metabolism, growth and differentiation. Firstly, mTOR 

has a differential influence on the differentiation of CD4 T cells into Th1, Th2, Th17 and Treg 

cells. Inhibiting mTOR using rapamycin promotes the generation of Foxp3+ Treg cells (Kopf, 

de la Rosa, Howard, & Chen, 2007) and deletion of mTOR in T cells using Cre recombinase 

system in mice enhances Treg differentiation but not Th1, Th2 or Th17 cells (Delgoffe et al., 

2009). These studies highlight the importance translating environmental signals into an 

appropriate Th1, Th17 or Treg response. It is therefore conceivable to suggest that if clozapine 

altered intracellular Akt-mTOR signalling, clozapine could differentially affect the 

differentiation of Th1, Th17 and Treg during EAE.  

Downstream of Akt activation is GSK-3β which has already been shown to have a key role in 

the differentiation of T cells into distinct Th subsets as well as considerable evidence that 

clozapine is able to modulate its activity. The importance of GSK-3β has been demonstrated 

elegantly in two published articles by Beurel et al. in 2011 and 2013 concluding that when 

GSK-3β is inhibited using a specific inhibitor, the differentiation of Th17 and Th1 cells are 

impaired while Treg and Th2 are not affected due to the dependence of Th17 and Th1 cells on 

active GSK-3β (Beurel et al., 2013; E. Beurel et al., 2011). These studies are supported by 

published articles from other investigators that demonstrate the dependence of Treg on β-

catenin which is regulated by GSK-3β. The pilot experiment presented in this chapter indicated 

that although iTreg were enhanced by clozapine, no difference in β-catenin expression was 

measured. This result may indicate that inhibition of GSK-3β is likely to be not the sole 

pathway involved but may also involve the mTOR pathway to produce differential effects on 

T cell differentiation. However, because of the design of these experiments, it cannot be 

concluded whether clozapine affected the CD4 T cell to modify Th1, Th17 or Treg 
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differentiation directly or by altering the antigen-presenting cells present in cell culture. Still, 

these experiments provide insight into the effect of clozapine on complex mixed cell 

interactions to represent more closely those of in vivo immune reactions. 

Other cell signalling alterations have also been described in the literature. Clozapine has been 

shown to activate SMAD3 (Cohen, Sundaresh, & Levine, 2013), a signalling molecule critical 

for TGF-β signalling and Treg differentiation (Tone et al., 2008). It is therefore possible that 

clozapine promotes the differentiation of Treg in our model of T cell differentiation by 

promoting or enhancing TGF-β signalling through activation of SMAD3 and this possibility 

warrants further investigation. Finally, these findings are consistent with one study by Chen et 

al. who showed that clozapine inhibits the differentiation of Th1 cells in human peripheral 

blood mononuclear cells (PBMCs) activated by anti-CD3/CD28 antibodies by suppressing the 

Akt pathway (M.-L. Chen et al., 2011). 

Despite having observed these effects in an in vitro model, clinical benefit was not associated 

with a defect in the proliferation or differentiation of Th1 or Th17 antigen specific responses 

in the periphery. Moreover, the fact that Treg were dispensable for EAE protection indicates 

that clozapine may not be modifying disease primarily by modifying CD4 T cell responses. 

However, despite robust antigen-specific peripheral responses, we observed less infiltration of 

peripheral leukocytes, including T cells in the CNS, raising the possibility that clozapine alters 

trafficking of immune cells across the BBB. The trafficking of immune cells across the BBB 

is governed by interactions between a variety of surface cell adhesion molecules on immune 

cells and endothelial cells. Specifically, the α4-integrin, LFA-1/I-CAM1 and VLA-4/VCAM1 

interactions that are dependent on GPCR signalling (Adamson et al., 2002; Chigaev, Waller, 

Amit, & Sklar, 2008; Shamri et al., 2002). Since clozapine targets many GPCR (Catapano & 

Manji, 2007) and modulates cAMP signalling in the rat brain (Dwivedi, Rizavi, & Pandey, 

2002) , it is entirely plausible that clozapine could affect GPCR-dependent trafficking across 

the BBB. Although this has not yet been investigated, it has previously been shown altering 

GPCR signalling in brain endothelial cells by pertussis toxin treatment prevents more than 80% 

of lymphocyte trafficking (Adamson et al., 2002), suggesting that perturbations in GPCR has 

potential to alter blood-brain barrier integrity.  

The adoptive transfer model of EAE presented in this chapter shows that clozapine does not 

affect the capacity of MOG35-55 peptide specific T cells to induce EAE when present during 

antigen-specific stimulation. This model relied on the immunization of mice with MOG35-55 
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peptide with CFA to expand MOG35-55 specific T cells before cell culture. In this model, 

MOG35-55 peptide specific T cells are antigen experienced and activated before the in vitro re-

stimulation with MOG35-55 peptide and clozapine, potentially limiting the potential effect of 

clozapine as the CD4 T cells have already undergone transcriptional changes before exposure 

to clozapine. A possible solution to this is by treating mice in vivo during the induction of 

MOG35-55 specific T cells prior to adoptive transfer, however, the significance of this 

experiment was questionable given that MOG35-55 peptide specific T cells needed to be re-

stimulated in vitro with MOG35-55 peptide and IL-12p70 to be encephalitogenic before adoptive 

transfer, during which they would have been removed from the clozapine environment. A 

potential solution to this challenge is by using naïve MOG35-55 peptide specific CD4 T cells 

from 2D2 mice instead to avoid the initial immunization step. 

Since no impairment in peripheral antigen-specific T cell responses were detected in clozapine-

treated mice, it is hypothesised that clozapine may be acting on immune cell types other than 

CD4 T cells. One limitation of this hypothesis is that T cell responses within the CNS during 

clozapine treatment have not yet been investigated and is worthy of further investigation. 

However, given the previous evidence that clozapine is able to alter the activation of myeloid 

cells like macrophages and microglia, it is possible that clozapine is able to reduce EAE disease 

by targeting the inflammatory activation of CNS myeloid cells. This potential is investigated 

in detail in the following chapters.  

4.5 Conclusions 

These experiments showed that in vitro, clozapine has the potential to impair Th1 and Th17 

development while promoting the differentiation of iTreg. However, Treg were not responsible 

for protection from EAE by clozapine. In addition, the experiments conducted in vivo suggest 

that there is no associated impairment in peripheral CD4 T cell function despite effective 

protection from disease under clozapine treatment. This indicates that clozapine may not 

primarily be acting on T cells but instead involve other immune cell types such as infiltrating 

and resident myeloid cell populations that are predominant in demyelinating lesions. 
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Chapter 5: The effect of clozapine on the 

activation of myeloid cells 
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5.1 Introduction 

The central nervous system (CNS) is an organ with a specialized immune system strictly 

regulated by the BBB that limits the entry of cells and molecules. In the steady state, the CNS 

is devoid of immune cells, thus immune responses in the CNS are coordinated primarily by 

resident astrocytes and microglia to maintain health of the CNS (Ransohoff & Brown, 2012). 

The CNS-resident microglia express lower levels of the hematopoietic marker CD45 and 

antigen-presenting molecules like MHC class II (MHC-II) than their circulating monocytic 

counterparts (Ford, Goodsall, Hickey, & Sedgwick, 1995; Hickman et al., 2013; Kreutzberg, 

1996), and these differences help to distinguish these populations experimentally. Since the 

BBB limits entry of cells and molecules such as antibodies into the CNS, microglia must be 

able to recognize pathogens, act as antigen-presenting cells and recruit peripheral immune cells 

to the CNS, forming an important part of the connection between the central and peripheral 

immune system (Ransohoff & Brown, 2012). This connection is vital for robust immune 

responses during CNS infection; however, microglia can also contribute to neurodegeneration 

during neurological disorders such as MS (Bogie et al., 2014), stroke (Patel, Ritzel, 

McCullough, & Liu, 2013) and even psychiatric illnesses like schizophrenia (Laskaris et al., 

2016). 

When immune homeostasis in the CNS is disturbed, peripheral monocytes are recruited into 

the CNS to support the immune function of microglia; however, during hyper-active or 

autoimmune reactions recruited monocytes can aggravate the inflammatory response to a point 

where the response is no longer protective but instead detrimental to the host tissue (Jiang, 

Jiang, & Zhang, 2014). In EAE and MS, infiltrating monocytes are abundant in demyelinating 

regions of the CNS and express high levels of MHC and co-stimulatory molecules indicative 

of an inflammatory state of activation known as classical activation (D. Y. S. Vogel et al., 2013; 

Yamasaki et al., 2014). In addition, activated microglia and macrophages secrete pro-

inflammatory mediators that contribute to the formation of inflammatory lesions (Dendrou et 

al., 2015). In contrast to classical activation, microglia and monocytes can become alternatively 

activated and have regulatory functions important for repair and the resolution of inflammation 

(Xiaoming Hu et al., 2015). Alternatively activated microglia and macrophages are poor 

antigen-presenting cells, secrete anti-inflammatory cytokines and are essential for efficient 

remyelination of demyelinated lesions (Miron et al., 2013).  
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The atypical antipsychotic clozapine currently used for treating schizophrenia has recently 

shown promise as an immune-modifying agent. Moreover, we have previously shown that 

risperidone and clozapine can reduce EAE disease and that risperidone suppressed the 

activation of microglia and macrophages in the CNS (D. O'Sullivan et al., 2014). Other studies 

show that atypical antipsychotic agents like risperidone and clozapine are able to suppress the 

classical activation of microglia (Bian et al., 2008; X. Hu et al., 2012; T. Kato et al., 2007). 

Given that clozapine readily crosses the BBB, it was hypothesized that clozapine is beneficial 

to EAE by inhibiting the activation of microglia and macrophages in the CNS. This chapter 

aims to investigate the effect of clozapine on microglia and macrophages during EAE to 

determine whether disease protection by clozapine treatment is associated with an altered state 

of activation. 

 

5.2 Aim 

This chapter studies how treatment with clozapine affects the activation of macrophages and 

microglia during EAE as a potential mechanism by which clozapine may reduce disease 

severity. 

5.2.1 Specific Aims 

1. To study how clozapine affects leukocyte infiltration into the CNS. 

2. To study how clozapine treatment affects the activation of resident microglia and 

infiltrating monocytes  
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5.3 Results 

5.3.1 Clozapine limits peripheral infiltration of leukocytes into the CNS 15 d.p.i 

It has been shown in the previous chapters that clozapine treatment effectively suppresses 

disease during EAE. Since EAE disease progression is for the most part driven by resident 

microglia and peripheral macrophages derived from circulating monocytes, infiltration of 

inflammatory cells into the spinal cord was measured by flow cytometry at peak disease (15 

d.p.i). At this stage of disease, a remarkable discordance in disease score is evident between 

vehicle and clozapine-treated mice (Figure 5.1A). At this stage of disease, spinal cords were 

isolated and analysed by flow cytometry to distinguish the residing microglia (CD45lo CD11blo) 

from infiltrating macrophages (CD45hi CD11bhi; Figure 5.1B). This gating strategy effectively 

identifies the residing microglia from infiltrating macrophages as immunized EAE mice had 

significant proportions of macrophages whereas they were negligible in healthy controls 

(Figure 5.1C). Clozapine-treated mice had significantly lower monocytic infiltration into the 

spinal cord than vehicle controls (Figure 5.1C). Similarly, the proportion of lymphocytes 

(CD45+ CD11b-) in the spinal cord was also significantly lower in clozapine treated mice 

(Figure 5.1D). Finally, the severity of monocytic infiltration correlated to the clinical score of 

each individual mouse at the time of euthanasia (Figure 5.1E). Altogether, these results shows 

that clozapine effectively limits peripheral infiltration of inflammatory leukocytes into the CNS 

and is directly associated to the reduction in EAE disease severity.  
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Figure 5.1 Clozapine limits CNS infiltration of leukocytes during EAE 

A-E C57BL/6J mice were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction and A scored daily for disease (0; normal – 5; moribund). Shown are means and SEM 
of individual mice from two experiments (n = 10 mice in each group). Mice were euthanized at 15 d.p.i 
indicated by a dotted line. B Representative dot plots of CD45 vs CD11b from spinal cord of vehicle (left) or 
clozapine treated mice (right) at 15 d.p.i (gated on single live cells; rationale for gating is shown in Appendix 
II). C Percentage of CD45hi CD11bhi from CD45+ cells in the spinal cord at 15 d.p.i. Shown are means and 
SEM of individual mice (n = 5; HC and n=10; EAE). D Percentage of CD45+ CD11b- from CD45+ cells. Shown 
are means and SEM of individual mice (n = 5 from one experiment; HC and combined  n=10 from two 
experiments; EAE). E Percentage of CD45hi CD11bhi cells from CD45+ cells in the spinal cord at 15 d.p.i. vs. 
disease score correlation. Shown are means and SEM of individual mice from two experiments combined 
(combined n = 10 mice in each group). Statistical analyses were performed by two-way ANOVA and Sidak’s 
multiple comparison test. **** p < 0.0001. 
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5.4 Clozapine treated mice express lower levels of inflammatory markers on microglia 

and CNS infiltrating monocytes 15 d.p.i 

Clozapine has previously been reported to inhibit the activation of microglia (X. Hu et al., 

2012). Given that clozapine effectively limits peripheral infiltration of leukocytes into the CNS, 

the activation phenotype of the resident microglia and infiltrating macrophages were analysed 

by flow cytometry as a potential mechanism by which inflammatory recruitment to the spinal 

cord was limited. Using the gating strategy previously described (Figure 5.2A), the expression 

of antigen presentation and co-stimulatory molecules were measured on microglia and 

infiltrating monocytes to characterize their state of activation. At 15 d.p.i, resident microglia 

in clozapine-treated mice expressed lower levels of the lipopolysaccharide co-receptor CD14 

than vehicle controls (Figure 5.2B). Expression of co-stimulatory molecules CD80 (Figure 

5.2C) and CD86 (Figure 5.2D) and antigen-presenting molecule MHC class II (Figure 5.2E) 

were significantly lower in clozapine-treated mice. Altogether, these data show that mice 

treated with clozapine had microglia that were less inflammatory during peak disease. 

 

 

Figure 5.2 Clozapine treatment inhibits expression of activation markers on microglia 
15 d.p.i 

A-E C57BL/6J mice that were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction were euthanized 15 d.p.i and spinal cord infiltration analysed by flow cytometry. A 
Gating strategy for resident microglia (red outline) in spinal cord 15 d.p.i (shown is a vehicle treated EAE 
mouse) B-E ΔMFI (MFI – Isotype control) of B CD14, C CD80, D CD86 and E IA/IE (MHC Class II), 
respectively by monocytes from vehicle or clozapine treated mice. Shown are means and SEM of individual 
mice (n = 5 mice in each group) from one experiment. *** p = < 0.001 by Student’s t-test. 

 

Infiltrating monocytes expressed much higher levels of CD14, CD80, CD86 and MHC Class 

II than CNS resident microglia as previously described. Like the microglia, infiltrating 

monocytes in clozapine-treated mice expressed significantly less CD14 (Figure 5.3B), CD80 
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(Figure 5.3C), CD86 (Figure 5.3D) and MHC class II (Figure 5.3E) on the cell surface, 

showing that infiltrating monocytes are in a less inflammatory state in clozapine-treated mice. 

 

Figure 5.3 Clozapine inhibits expression of activation markers on infiltrating 
monocytes in the spinal cord 15 d.p.i. 

A-E C57BL/6J mice that were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction were euthanized 15 d.p.i and spinal cord infiltration analysed by flow cytometry. A 
Gating strategy for identifying infiltrating monocytes (red outline) in the spinal cord 15 d.p.i (shown is a vehicle 
treated EAE mouse; rationale for gating strategy can be found in Appendix II) B-E ΔMFI (MFI – Isotype 
control) of B CD14, C CD80, D CD86 and E IA/IE (MHC Class II), respectively by monocytes from vehicle 
or clozapine treated mice. Shown are means and SEM of individual mice (n = 5 mice in each group) from one 
experiment. *** p = < 0.001 by Student’s t-test. 

 

 

5.5 CNS infiltration of myeloid cells in clozapine treated mice parallels infiltration in 

vehicle treated mice 

To further investigate the effect of clozapine on the activation state of microglia and monocytes 

during EAE disease progression, spinal cord infiltrates were assessed at the start of the chronic 

phase of disease 20 d.p.i. (Figure 5.4A). Microglia and monocytes were identified in vehicle 

and clozapine-treated mice by flow cytometry using the gating strategy previously described 

(Figure 5.4B). Significant infiltration of monocytes was observed in EAE mice when 

compared to the healthy controls (Figure 5.4C). Interestingly, although clozapine-treated mice 

remained protected from disease 20 d.p.i, monocytic infiltration was not significantly different 

between clozapine and vehicle-treated mice (Figure 5.4C) although a slight decrease in 

lymphocytes was still evident (Figure 5.4D). 
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Figure 5.4 No difference in CNS infiltration by 20 d.p.i 

A-D C57BL/6J mice were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction and scored daily for disease (0; normal – 5; moribund). Shown are means and SEM of 
individual mice (n = 5 mice in each group). B Representative dot plots of CD45 vs CD11b from spinal cord of 
vehicle (left) or clozapine-treated mice (right) at 20 d.p.i (gated on single live cells). C Percentage of CD45hi 

CD11bhi from CD45+ cells in the spinal cord at 20 d.p.i. Shown are means and SEM of individual mice (n = 5; 
HC and n = 5; EAE). D Percentage of CD45+ CD11b- from CD45+ cells. Shown are means and SEM of 
individual mice (n = 5; HC and n=10; EAE). Statistical analyses by two-way ANOVA and Sidak’s multiple 
comparison test.  * p < 0.05. 

 

5.5.1 Clozapine inhibits the activation of microglia and infiltrating monocytes in the 

spinal cord 20 d.p.i. 

To understand how clozapine treated mice remained protected from disease despite having a 

similar proportion of infiltrating monocytes in the spinal cord, expression of activation markers 

on the resident microglia was measured (Figure 5.5A). EAE mice had significantly higher 

expression of MHC class II (Figure 5.5B) and CD86 (Figure 5.5D) than healthy controls 

whereas CD80 (Figure 5.5C) and CD40 (Figure 5.5E) were not significantly different. 

Interestingly, at this stage of disease, only microglial MHC class II expression was significantly 
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lower in clozapine treated mice. These data show that clozapine inhibits the activation of 

microglia even at the chronic phase of disease, albeit to a lesser extent. 

 

Figure 5.5 Clozapine inhibits the activation of microglia in the spinal cord 20 d.p.i 

A-E C57BL/6J mice that were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction were euthanized 20 d.p.i and spinal cord infiltration analysed by flow cytometry. A 
Gating strategy for identifying resident microglia (red outline) in the spinal cord 20 d.p.i (shown is a vehicle 
treated EAE mouse; rationale for gating strategy can be found in Appendix II) B-E ΔMFI (MFI – Isotype 
control) of B IA/IE (MHC Class II), C CD80, D CD86 and E CD40 by monocytes from vehicle or clozapine 
treated mice. Shown are means and SEM of individual mice (n = 5 mice in each group) from one experiment. 
*** p = < 0.001 by Student’s t-test. 

 

In the monocytic infiltrates (Figure 5.6A), EAE mice had significantly higher expression of 

MHC Class II (Figure 5.6B), CD80 (Figure 5.6C) and CD86 (Figure 5.6D) but not CD40 

(Figure 5.6E) on infiltrating monocytes when compared to unimmunized mice. Similar to the 

effect on microglia, clozapine only suppressed the up-regulation of MHC Class II on 

infiltrating monocytes in the spinal cord (Figure 5.6B) while CD80, CD86 and CD40 were no 

longer affected by clozapine treatment. Altogether, although the effect of clozapine on altering 

activation is modest at 20 d.p.i, these results indicate that even though monocytic infiltration 

was similar in clozapine-treated mice, resident microglia and infiltrating monocytes were in a 

less inflammatory state during clozapine treatment and suggests that clozapine reduced the 

activation of microglia and monocytes during EAE. 
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Figure 5.6 Clozapine inhibits the activation of macrophages in the spinal cord 20 d.p.i 

A-E C57BL/6J mice that were treated with clozapine (60 mg/kg/day) or vehicle in their drinking water one day 
before EAE induction were euthanized 20 d.p.i and spinal cord infiltration analysed by flow cytometry. A 
Gating strategy for identifying resident infiltrating monocytes (red outline) in the spinal cord 20 d.p.i (shown 
is a vehicle treated EAE mouse; rationale for gating strategy can be found in Appendix II) B-E ΔMFI (MFI – 
Isotype control) of B IA/IE (MHC Class II), C CD80, D CD86 and E CD40 by monocytes from vehicle or 
clozapine treated mice. Shown are means and SEM of individual mice (n = 5 mice in each group) from one 
experiment. *** p = < 0.001 by Student’s t-test. 
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5.6 Discussion 

Recent studies indicate that CNS-resident microglia are crucial for the pathogenesis of 

inflammatory diseases of the CNS like multiple sclerosis, especially in the progressive forms 

(Mahad, Trapp, & Lassmann).  Indeed, previously published research as well as this study has 

shown that the resident microglia and peripherally-derived infiltrating macrophages up-

regulate inflammatory markers during EAE. This study aimed to investigate how clozapine 

reduced EAE disease and found that clozapine inhibited the inflammatory activation of both 

resident microglia and infiltrating monocytes. 

Microglia in the resting-state generally express very low levels of MHC class II, CD80, CD86 

and CD40, which is consistent with our current findings. During an inflammatory response 

however, microglia can up-regulate these molecules and gain function such as antigen 

presentation and co-stimulation analogous to peripheral macrophages. MHC class II expression 

is up-regulated in active MS lesions (D. Y. Vogel et al., 2013) and similarly during EAE 

(Eugene D. Ponomarev, Veremeyko, Barteneva, Krichevsky, & Weiner, 2011). Interestingly, 

schizophrenia is strongly associated with certain MHC alleles (Schizophrenia Working Group 

of the Psychiatric Genomics, 2014). One of the most striking observations in this chapter is 

that clozapine significantly suppressed the expression of MHC class II on microglia as well as 

on the infiltrating monocytes, confirming previous reports of clozapine inhibiting the activation 

of microglia. Given that we have already shown risperidone and clozapine to directly affect the 

activation of macrophages in in vitro cultured macrophages, the reduced expression of MHC 

Class II and co-stimulatory molecules are possibly a direct effect of clozapine treatment. In 

addition, although this study has not completely addressed this possibility, there is still the 

potential that clozapine affects the magnitude of CD4 T cell “help” provided to macrophages 

and myeloid cells in the CNS by altering the expression of cytokines such as IFN-γ and 

stimulatory molecules and therefore reducing the expression of inflammatory markers on CNS 

macrophages and microglia. Nevertheless, reduced expression of MHC class II in the CNS has 

great implications for both EAE and MS as myelin-reactive T cells from the periphery are 

thought to be re-activated upon entry into the CNS, and is required for disease progression 

(Goverman, 2009; Platten & Steinman, 2005). Moreover, MHC class II-expressing microglia 

are required for the induction of passive EAE (Hickey & Kimura, 1988), highlighting its 

importance in EAE progression and suggesting that down-regulation by clozapine has the 

potential to limit disease severity. 
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In addition to MHC class II interactions, T cells require co-stimulation with CD80 and CD86 

molecules for activation through CD28. This interaction is clearly important for EAE 

progression and is demonstrated when adoptively transferred encephalitogenic T cells were 

shown to be more prone to apoptotic cell death when in the CNS of CD80 and CD86 deficient 

mice (Chang et al., 2003). Our results show that clozapine is able to suppress the expression of 

CD80 and CD86 by microglia and macrophages early during EAE, and this suppression may 

contribute to the protective effect of clozapine on EAE disease. 

 

In addition to an overall reduction in disease severity, clozapine effectively delayed the entry 

of infiltrating monocytes into the CNS. Under homeostatic conditions, the CNS is generally 

devoid of circulating leukocytes due to the BBB. Therefore, immune surveillance in the CNS 

is conducted by MHC class II-expressing cells, predominantly microglia (Bo et al., 1994) 

which secrete chemokines such as CCL2 and CCL3 to recruit peripheral cells to the CNS 

(Juedes, Hjelmström, Bergman, Neild, & Ruddle, 2000; Yamasaki et al., 2014). During EAE, 

the resident microglia in the CNS are activated, and this activation precedes any infiltration of 

peripheral cells. One study suggests that the early activation of microglia occurs by activation 

from GM-CSF produced by myelin-specific T cells in the periphery (E. D. Ponomarev et al., 

2007). Bone marrow chimeric mice that are deficient for CCL2 in microglia are resistant to 

EAE (Dogan et al., 2008), which indicates that microglial activation and production of 

chemokines is absolutely essential for recruitment of inflammatory cells to induce EAE. 

Interestingly, because it was shown in the previous chapter that clozapine did not affect the 

development of robust antigen-specific T cell responses in the periphery, clozapine may limit 

the infiltration of peripheral leukocytes into the CNS by inhibiting the activation of microglia 

during the induction phase of EAE. 

It is not clear why microglia are chronically active in progressive MS, however, this occurrence 

is present in many other neurological and psychiatric disease including schizophrenia. Like 

progressive forms of MS, schizophrenia is characterized with the loss of grey and white matter 

and consequential loss of connectivity that is associated with increased microglial activation. 

These studies have recently been extensively reviewed (Laskaris et al., 2016) and some 

investigators propose that microglia are central to schizophrenia related neurodegeneration 

(Rački et al.). Interestingly, treatments such as minocycline targeting the activation of 

microglia (Kobayashi et al., 2013) have shown promise in treating schizophrenia symptoms 
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(Liu et al., 2014), even showing some additive effect when given in conjunction to atypical 

antipsychotic agents (Miyaoka et al., 2008). Likewise, atypical antipsychotic agents suppress 

microglial activation directly (X. Hu et al., 2012; D. O'Sullivan et al., 2014) and some 

investigators believe that their anti-inflammatory effect plays a role in reducing the psychiatric 

symptoms of schizophrenia and neurodegeneration that arise from chronic microglial 

activation (Monji et al., 2009).  

5.7 Conclusions 

Overall, the results in this chapter show that clozapine was able to inhibit the inflammatory 

activation of microglia and monocytes in the CNS and was associated with a reduced severity 

of disease. These data indicate that clozapine may be an effective and novel approach for the 

treatment of progressive MS, where inflammation and damage in the CNS is perpetuated by 

chronic microglial activation and little peripheral involvement and this approach warrants 

future investigation into this clinical promise for MS patients. Finally, this work has broader 

relevance to psychiatry as the mechanism of action of clozapine is still debated. Here, we 

showed that clozapine has potent immune-modulating properties that can target the microglia, 

which are known to be dysregulated during psychiatric illness like schizophrenia, and this study 

supports the hypothesis that atypical antipsychotic agents are beneficial in schizophrenia due 

to their ability to modify microglial activation. 
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Chapter 6: The effect of clozapine on 

macrophage activation 
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6.1 Introduction 

Atypical antipsychotic agents are increasingly being recognized for their immune modulating 

properties. In particular, risperidone has previously been shown to inhibit the production of 

NO by IFN-γ-activated microglia (Takahiro Kato, Akira Monji, Sadayuki Hashioka, & 

Shigenobu Kanba, 2007). In addition, atypical antipsychotic agents such as risperidone and 

clozapine suppressed pro-inflammatory TNF-α while increasing anti-inflammatory IL-10 in 

the serum of LPS-challenged mice whereas the typical antipsychotic haloperidol only had a 

modest effect (Sugino et al., 2009). It has previously been shown that clozapine protects 

neurons from inflammatory damage induced by lipopolysaccharide (LPS) by reducing the 

production of reactive oxygen species, nitric oxide and TNF-α by microglia (X. Hu et al., 

2012). Immune-modulating effects have also been observed for other atypical antipsychotic 

agents like quetiapine, which has been shown to reduce EAE disease (Mei et al., 2012). We 

have shown that risperidone and clozapine are effective at reducing disease in EAE whereas 

sulpiride is not (D. O'Sullivan et al., 2014). Although sulpiride is an atypical antipsychotic, it 

is a selective antagonist for D2 like receptors (Caley & Weber, 1995) similar to the typical 

antipsychotic haloperidol, suggesting that the immune-modifying effect of atypical 

antipsychotic agents may be a consequence of targeting a wider range of neuroreceptors other 

than D2.  

All of the neuroreceptors targeted by antipsychotic agents are g-protein coupled receptors 

(GPCR) which typically signal through phospholipase C (PLC), protein kinase B (Akt) and 

cyclic-AMP (cAMP) pathways. All of these pathways can be involved in immune responses 

and thus any change in the pathways may mediate immunomodulatory effects. Since atypical 

antipsychotic agents antagonize a range of receptors with different binding affinities, it makes 

their precise mechanism of action difficult to resolve experimentally. In any case, atypical 

antipsychotic agents like clozapine have been shown to regulate cyclic-AMP-dependent 

protein kinase A (PKA) activity (Turalba, Leite-Morris, & Kaplan, 2004) and up-regulate Akt 

phosphorylation in the brain of mice (F. Panariello et al., 2012; Roh et al., 2007; Schmid, 

Streicher, Meltzer, & Bohn, 2014), inhibiting glycogen synthase kinase-3 (GSK3) activity 

downstream (Li et al., 2007). Since atypical antipsychotic agents such as clozapine have been 

found to act as agonists at 5-HT2a receptors (Schmid et al., 2014), they also have the potential 

to alter PLC signalling through the Gαq subunit. Although many signalling pathways are 

regulated by GPCR’s, GSK-3β has been the most notably described as a key target of 
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psychiatric drugs like atypical antipsychotic agents and anti-depressants (J. M. Beaulieu, 

Gainetdinov, & Caron, 2009), many of which have immune modifying properties (Al-Amin, 

Nasir Uddin, & Mahmud Reza, 2013; Raghavendra, Lee, & Parameswaran, 2014; Sacre, 

Medghalchi, Gregory, Brennan, & Williams, 2010). In addition, GSK-3β is central in 

regulating the cytokine production profile of macrophages during toll-like receptor signalling 

(Ko & Lee, 2016), indicating that this enzyme plays a significant role in the activation of 

macrophages. Interestingly, psychiatric drugs that are understood to modulate GSK-3β such as 

lithium, atypical antipsychotic agents and fluoxetine have all been shown to reduce EAE 

disease (De Sarno et al., 2008; Mei et al., 2012; D. O'Sullivan et al., 2014; Yuan et al., 2012), 

although the mechanism is not yet understood. We have shown that clozapine inhibits the 

activation of macrophages and microglia in the CNS during EAE and is a potential mechanism 

by which clozapine reduces clinical disease. However, the mechanism by which clozapine may 

inhibit the activation of macrophages and microglia in the CNS is unknown, despite its 

discovery almost 60 years ago (Grover, Dutt, & Avasthi, 2010).  

Much like peripheral, tissue-resident macrophages, CNS-resident macrophages or microglia 

are known to maintain tissue homeostasis by surveying the brain parenchyma for insults or 

damage (Nimmerjahn, Kirchhoff, & Helmchen, 2005), acting as the first line of defence during 

infection. Although microglia have tissue-specific functions such as synaptic pruning to 

maintain neuronal networks (Tremblay, 2011), they are also very similar to peripheral 

macrophages by having phagocytic capacity, ability to present antigens on MHC Class II, 

express co-stimulatory molecules for activation of T cells (Kettenmann, Hanisch, Noda, & 

Verkhratsky, 2011) and even express toll-like receptors (Gurley et al., 2008). Moreover, 

peripheral injection with LPS is sufficient to activate microglia in the CNS (Z. Chen et al., 

2012) highlighting their role as responders to insults. In this chapter, the effects of clozapine 

on the activation of macrophages and microglia are investigated by stimulating primary 

macrophages with lipopolysaccharide, as an in vitro model of inflammation to gain 

understanding into the effects of clozapine on the cell signalling network. 

 

 



	 115 

6.2 Aims 

This chapter aims to elucidate the mechanism by which clozapine can suppress the activation 

of macrophages and microglia. 

6.2.1 Specific aims 

1. Determine the effect of clozapine on the activation of LPS-stimulated macrophages as 

an in vitro model of inflammation 

2. Determine the signaling mechanism by which clozapine alters LPS-induced cytokine 

profile in macrophages 
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6.3 Results 

6.3.1 Macrophages expressed D1R, D2R and β-adrenergic receptors 

To show that clozapine has the potential to alter the activation of macrophages directly, the 

expression of the dopaminergic receptors D1 and D2 were assessed on mouse macrophages. 

Splenic white pulp macrophages were identified as CD45+ CD11b+ F4/80-. Macrophages from 

healthy mice were found to express D1R (Figure 6.1A) and D2R (Figure 6.1B). EAE had no 

effect on the expression of D1R and D2R on splenic macrophages at 40 d.p.i. These results 

show that mouse macrophages express dopamine receptors consistent with previously 

published studies. 
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Figure 6.1 White pulp macrophages express D1R and D2R 

A-C C57BL6/J mice were immunized for EAE and euthanized 40 d.p.i for analysis of dopamine receptors on 
white pulp macrophages. A Gating strategy to identify white pulp macrophages (gating shown in red from left 
to right). First, single cells were gated using FSC-A v FSC-H followed by gating for cells of interest by size 
and granularity using FSC-A vs SSC-A. Neutrophils were excluded by high expression of CD11b and Gr-1. 
White pulp macrophages were then gated as CD11b+ F4/80- cells and analysed for dopamine receptor 
expression (B). Shown are means and SEM of individual mice from one experiment (n = 4 mice in each group). 
Statistical analyses by two-way ANOVA. Representative histogram of D1R and D2R expression on white pulp 
macrophages compared to isotype control from a healthy control mouse. 

 

6.4 Dopamine inhibited IL-12 and increased IL-10 secretion in LPS stimulated 

macrophages 

We have shown that murine macrophages express dopaminergic receptors consistent with 

previously published reports. To investigate the effect of dopamine on LPS-stimulated 

macrophages, dopamine was added to the culture medium at increasing concentrations. 

Consistent with previously published studies from our laboratory, IL-12 was decreased by 

dopamine from 20 µM in a concentration dependent manner when stimulated by LPS whilst 
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no IL-12 was detectable when macrophages were unstimulated regardless of the dopamine 

concentration (Figure 6.2A). IL-10 was increased by dopamine from 20 µM, and this increase 

was maintained at higher concentrations. Similar to IL-12, no IL-10 is detectable when 

macrophages were unstimulated regardless of the dopamine concentration (Figure 6.2B). Cell 

viability measured by MTT metabolism indicated that dopamine did not cause reduced cell 

viability in LPS-stimulated macrophages even at the high concentration of 100 µM whereas 20 

µM dopamine significantly reduced MTT metabolism in unstimulated macrophages (Figure 

6.2C). 

 

 

Figure 6.2 Dopamine inhibits IL-12 and increases IL-10 secretion without affecting 
viability 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of dopamine. IL-12 (A) and IL-10 (B) in the 
supernatants were measured by ELISA. Cell viability was measured by MTT assay presented as percent of 
vehicle control (C). Shown are means and SEM of triplicate wells from one experiment representative of three. 
Statistical analyses performed using a two-way ANOVA and Sidak’s multiple comparisons test. * p < 0.05, ** 
p < 0.01, *** p < 0.001 and **** p < 0.0001 

 

6.5 Clozapine suppressed IL-12 and increased IL-10 production in lipopolysaccharide 

stimulated primary macrophages 

To classically activate macrophages in vitro, bone-marrow-derived macrophages were primed 

overnight with IFN-γ and then stimulated with LPS (Mosser & Zhang, 2008) in the presence 

of increasing concentrations of clozapine for 24 hours to examine the effect of clozapine on 

LPS-induced cytokine production as we have previously published (L. Green et al., 2017; D. 

O'Sullivan et al., 2014). After 24 hours of LPS stimulation, IL-12 and IL-10 are readily 

detectable in the supernatant (Figure 6.3A-B). IL-12 is significantly decreased from 10 µM 
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clozapine in a concentration dependent manner (Figure 6.3A). In contrast, IL-10 in the 

supernatant significantly increases from 20 µM clozapine in a concentration dependent manner 

(Figure 6.3B). To verify that altered cytokine levels in the supernatant were not due to a loss 

in cell viability, an MTT metabolism assay was performed after each experiment and these 

experiments show that no decrease in cell viability is observed below 80 µM clozapine (Figure 

6.3C), demonstrating that the decrease in IL-12 and increase in IL-10 was not due to altered 

cell viability. Similarly, clozapine is effective at altering LPS-induced cytokine production in 

the RAW264.7 cell line commonly used for studying macrophages in vitro. Decreased IL-12 

production was detectable from 5 µM onwards  (Figure 6.4A) without impairing MTT 

metabolism (Figure 6.4B). These data show that clozapine directly altered the activation 

profile of macrophages towards a less inflammatory phenotype. 
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Figure 6.3 Clozapine inhibits secretion of IL-12 and increases IL-10 in 
lipopolysaccharide stimulated bone marrow derived macrophages 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of clozapine. IL-12 (A) and IL-10 (B) in the 
supernatants were measured by ELISA. Cell viability was measured by MTT assay presented as percent of 
vehicle control (C). Shown are means and SEM of triplicate wells from one experiment representative of three. 
Statistical analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001.  

 

 

 

Figure 6.4 Clozapine inhibits secretion of IL-12 in lipopolysaccharide stimulated 
RAW264.7 cells 

A-B RAW264.7 cells were plated at 50,000 cells/well, primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of clozapine. IL-12 (A) in the supernatants were 
measured by ELISA. Cell viability was measured by MTT assay presented as percent of vehicle control (B). 
Shown are means and SEM of triplicate wells from one experiment representative of three. Statistical 
analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, ** p < 
0.01, *** p < 0.001 and **** p < 0.0001.  
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6.5.1 Risperidone suppressed IL-12 and increased IL-10 production in macrophages 

To investigate whether another atypical antipsychotic had a similar effect to clozapine, 

risperidone was added to the culture medium of bone marrow-derived macrophages stimulated 

with LPS at increasing concentrations to determine the effect of risperidone on macrophages 

directly.  As previously published (D. O'Sullivan et al., 2014), IL-12 production after 24 hours 

of LPS stimulation was attenuated from 20 µM risperidone (Figure 6.5A) whereas IL-10 

production was significantly increased (Figure 6.5B). IL-10 production increased in a 

concentration-dependent manner. No alteration in MTT metabolism was observed up to 60 µM 

(Figure 6.5C) consistent with our previously published results. These results confirm our 

previous finding that risperidone alters the activation of macrophages towards a less 

inflammatory phenotype. 

 

 

Figure 6.5 Risperidone suppresses IL-12 and increases IL-10 secretion in LPS 
stimulated macrophages 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of risperidone. A IL-12 and B IL-10 in the 
supernatants were measured by ELISA. C Cell viability was measured by MTT assay presented as percent of 
vehicle control. Shown are means and SEM of triplicate wells from one experiment representative of three. 
Statistical analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001.  
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6.5.2 Forskolin inhibited secretion of IL-12 in macrophages 

D1R and D2R couple to Gα protein subunits, which activate (D1R) or inhibit (D2R) cAMP 

signalling. To investigate whether altered cytokine production by clozapine was mediated by 

altered cAMP signalling, it was first examined whether increasing cAMP directly has an effect 

on IL-12 production in this model. Bone-marrow derived macrophages were primed overnight 

with IFN-γ and stimulated with LPS in increasing concentration of forskolin and as expected, 

forskolin reduced the secretion of IL-12 in the supernatant significantly from 6.25 µM onwards 

after 24 hours (Figure 6.6A). MTT metabolism was only significantly impaired at 100 µM 

forskolin after 24 hours (Figure 6.6B) demonstrating that the loss in IL-12 production was not 

due to impaired cell viability. These results are consistent with previous reports that 

demonstrate that cAMP elevation alters the cytokine production profile of macrophages (Feng 

et al., 2002). 

 

 

Figure 6.6 Forskolin inhibits secretion of IL-12 in LPS stimulated macrophages 

A-B BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of forskolin. IL-12 (A) in the supernatants were 
measured by ELISA. Cell viability was measured by MTT assay presented as percent of vehicle control (B). 
Shown are means and SEM of triplicate wells from one experiment. Statistical analyses performed using a two-
way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 
0.0001.  
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6.5.3 Clozapine did not alter cAMP production in lipopolysaccharide-stimulated 

primary macrophages 

Given that clozapine has potential to alter cAMP signalling in macrophages and that cAMP 

signalling can suppress IL-12 production, it was questioned whether clozapine suppressed IL-

12 production in LPS-stimulated macrophages in a cAMP-dependent manner. To address this, 

intracellular cAMP accumulation after LPS stimulation in the presence of 20 µM clozapine 

was time-resolved up to 60 minutes post-LPS. Dopamine, which we have shown previously to 

reduce IL-12 production (D. O'Sullivan et al., 2014), increased production of cAMP in 

macrophages was detected at 15 and 45 minutes of LPS stimulation (Figure 6.7). When 

clozapine was added to the culture, no measurable effect was observed on cAMP up to 60 

minutes post-stimulation (Figure 6.7) indicating that although clozapine can inhibit the 

production of IL-12, it did so in a manner that was independent of cAMP signalling.  

 

Figure 6.7 Clozapine does not alter cAMP signaling in LPS stimulated macrophages 

BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) overnight and stimulated with 
lipopolysaccharide for 15, 30, 45 and 60 minutes in the presence of clozapine (Cloz20; 20 µM, Cloz40; 40 
µM), dopamine (Dop50; 50 µM. Dop100; 100 µM). Shown are means and SEM of triplicate wells from one 
representative experiment of two. Statistical analyses performed using a two-way ANOVA and Dunnett’s 
multiple comparisons test. * p < 0.05, ** p < 0.01, *** p < 0.001 and **** p < 0.0001. 

 

6.5.4 The Akt-GSK3 pathway modulated LPS-induced cytokine production 

TLR4 activates PI3K and mediates recruitment and phosphorylation of signalling proteins such 

as Akt, which phosphorylates downstream targets including GSK-3β. There is substantial 
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evidence that indicates that treatment with clozapine and other atypical antipsychotic agents 

modify the Akt and GSK-3β signalling pathways (M.-L. Chen et al., 2011; Li et al., 2007; F. 

Panariello et al., 2012; Roh et al., 2007). Given that this pathway is a key regulator of toll-like 

receptor signalling (Ko & Lee, 2016), macrophages were treated with Akt and GSK-3β specific 

inhibitors to assess the effects of inhibiting Akt or GSK-3β on LPS-induced cytokine secretion. 

Firstly, to examine the consequence of inhibiting Akt activity on LPS-induced cytokine 

secretion the Akt1/2 specific inhibitor was added to the culture medium during LPS stimulation 

for 24 hours; after which IL-12 and IL-10 in the supernatant were measured. In the RAW264.7 

macrophage cell line, Akt1/2 inhibitor at 6.25 µM augmented the production of IL-12 

significantly (Figure 6.8A). In contrast, Akt1/2 inhibitor abolished IL-10 production (Figure 

6.8B). These changes in cytokine production occurred at a concentration of Akt1/2 inhibitor 

that did not affect MTT metabolism (Figure 6.8C), which indicated that cell viability was not 

impaired. These results confirm previously reported studies that show Akt is able to modulate 

cytokine production in LPS stimulated macrophages (Ko & Lee, 2016).  
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Figure 6.8 Akt1/2 inhibitor increases IL-12 and decreases IL-10 secretion by 
macrophages 

A-C RAW264.7 cells were plated at 50,000 cells/well, primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours with Akt ½ inhibitor (6.25 µM). A IL-12 and B IL-10 in the supernatants were 
measured by ELISA. C Cell viability was measured by MTT assay presented as percent of vehicle control. 
Shown are means and SEM of triplicate wells from one experiment representative of two. Statistical analyses 
performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, ** p < 0.01, *** p 
< 0.001 and **** p < 0.0001.  

 

Interestingly, the Akt1/2 inhibitor was not similarly effective in bone marrow-derived 

macrophages. At concentrations of 1 µM and 3 µM, a significant reduction in IL-12 in the 

supernatant is detected after 24 hours (Figure 6.9A). Similarly, a reduction in IL-10 is evident 

upwards of 1 µM of Akt1/2 inhibitor (Figure 6.9B). Akt1/2 inhibitor induced a slight but 

significant reduction in MTT metabolism from 2 µM and continued to decrease in a 

concentration-dependent manner (Figure 6.9C) and likely explained the inconsistent IL-12 

measurements as toxicity was evident at these concentrations. Likewise, the reduction in IL-

10 in the supernatant from 2 µM of Akt1/2 inhibitor (Figure 6.9B) was associated with 

significant reductions in MTT metabolism (Figure 6.9C), suggesting that loss of IL-10 was 

due to reduced cell viability.  
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Figure 6.9 Akt1/2 inhibitor is not similarly effective in bone marrow derived 
macrophages 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of Akt1/2 inhibitor. A IL-12 and B IL-10 in the 
supernatants were measured by ELISA. C Cell viability was measured by MTT assay presented as percent of 
vehicle control. Shown are means and SEM of triplicate wells from one experiment representative of three. 
Statistical analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001.  

 

This finding raises the possibility that aberrant Akt signalling in immortalized cell lines may 

affect LPS induced cytokine production. Alternatively, it is also possible that the 

concentrations used in these experiments were too high for bone marrow-derived macrophages 

as it caused significant impairment in MTT metabolism.  Accordingly, the experiment was 

repeated using lower concentrations of Akt1/2 inhibitor. Similarly, Akt1/2 inhibitor decreased 

IL-12 (Figure 6.10A) and IL-10 (Figure 6.10B) in the supernatant of LPS stimulated 

macrophages only at concentrations that impaired MTT metabolism (Figure 6.10C), 

suggesting that the decrease in cytokine secretion is due to cellular death. 
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Figure 6.10 Akt1/2 inhibitor is not similarly effective in bone marrow derived 
macrophages at lower concentrations 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of Akt1/2 inhibitor. A IL-12 and B IL-10 in the 
supernatants were measured by ELISA. C Cell viability was measured by MTT assay presented as percent of 
vehicle control. Shown are means and SEM of triplicate wells from one experiment representative of two. 
Statistical analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001.  

 

Activated Akt phosphorylates downstream targets including GSK-3β. Phosphorylation of 

GSK-3β results in inhibition of its constitutively active enzymatic activity. To assess the effect 

of GSK-3β inhibition directly, a GSK-3β specific inhibitor; CHIR99021 was used.  As 

expected, when CHIR99021 was added to the culture medium, an effect that was opposite to 

Akt inhibition was observed. Macrophages produced significantly less IL-12 when GSK-3β 

was inhibited by CHIR99021 (Figure 6.11A). In contrast, IL-10 in the supernatant was 

significantly increased (Figure 6.11B), and these effects were observed at concentrations that 

did not affect cell viability (Figure 6.11C).  
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Figure 6.11 CHIR99021 inhibited IL-12 and increased IL-10 secretion in bone 
marrow derived macrophages 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in the presence of GSK3 inhibitor (CHIR99021; 1 µM). IL-12 (A) and IL-10 
(B) in the supernatants were measured by ELISA. Cell viability was measured by MTT assay presented as 
percent of vehicle control (C). Shown are means and SEM of triplicate wells from one experiment. Statistical 
analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, ** p < 
0.01, *** p < 0.001 and **** p < 0.0001.  

 

Interestingly, the CHIR99021 was not similarly effective in the RAW 264.7 cell line. Unlike 

in the bone marrow-derived macrophages, CHIR99021 decreased IL-12 (Figure 6.12A) and 

IL-10 (Figure 6.12B) production by LPS-stimulated macrophages at low concentrations of 1 

µM. However at 5 µM, IL-12 production was increased while IL-10 continually decreased. At 

these concentrations, up to 5 µM of CHIR99021 did not cause any alteration in MTT 

metabolism (Figure 6.12C) suggesting that cell viability was maintained. These results are 

inconsistent with findings observed in primary bone marrow-derived macrophages. 
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Figure 6.12 CHIR99021 is not similarly effective in the RAW 264.7 cell line 

A-C RAW264.7 cells were plated at 50,000 cells/well, primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 24 hours in increasing concentrations of CHIR99021. A IL-12 and B IL-10 in the 
supernatants were measured by ELISA. C Cell viability was measured by MTT assay and presented as percent 
of vehicle control. Shown are means and SEM of triplicate wells from one experiment representative of two. 
Statistical analyses performed using a two-way ANOVA and Dunnett’s multiple comparisons test. * p < 0.05, 
** p < 0.01, *** p < 0.001 and **** p < 0.0001.  

 

 

6.5.5 Clozapine did not alter LPS-induced phosphorylation of signaling pathways 

It is clear that modifying the activation of signalling enzymes has profound effects on the 

cytokine secretion of LPS-stimulated macrophages. To understand how clozapine is able to 

alter the cytokine production of LPS-stimulated macrophages so that they produce less IL-12 

and more IL-10, multiple signalling networks were investigated by measuring phosphorylated 

and total protein levels of Akt, p70S6K, p38, JNK, ERK, CREB, STAT3, STAT5, GSK-3β 

and NFκB p65 using a bead-based multiplex assay in a time resolved manner up to one-hour 

post-LPS. The multiplex assay allowed measurement of multiple cell signalling molecules 

from the same sample for accurate comparison of multiple pathways. These proteins were 

chosen as they represented multiple pathways that could be modulated by G-protein coupled 

receptors and are components of LPS signalling. Total protein levels of CREB (Figure 6.13A), 

JNK (Figure 6.13B), p38 (Figure 6.13C), ERK (Figure 6.13D), Akt (Figure 6.13E), STAT3 

(Figure 6.13F), STAT5 (Figure 6.13G), GSK-3β (Figure 6.13H) and NFκB p65 (Figure 

6.13I) were not significantly affected by LPS stimulation up to 1-hour post stimulation. 
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Figure 6.13 Clozapine does not alter total protein levels of several signaling proteins 
in response to lipopolysaccharide 

A-I BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with LPS 
for 0, 15, 30 or 60 minutes in the presence of clozapine (Cloz 20; 20 µM). Presented are the total protein 
measurements for A CREB, B JNK, C p38, D ERK, E Akt, F STAT3, G STAT5A/B, H GSK3β and I NFκB 
p65 at each time point. Shown are means and SEM of two independent experiments combined. Statistical 
analyses by two-way ANOVA. 

 

LPS stimulation induced phosphorylation of CREB (S133; Figure 6.14A), JNK (T183/Y185; 

Figure 6.14B), p38 (T180/Y182; Figure 6.14C), ERK (T185/Y187; Figure 6.14D), Akt 

(S473; Figure 6.14E), STAT3 (S727; Figure 6.14F) and GSK-3β (S9; Figure 6.14H). No 

significant phosphorylation of STAT5A/B (Y694/Y699) was detected after one hour of 

stimulation. (Figure 6.14G). Phosphorylation of NFκB p65 (s536) was not detected after one 

hour of LPS (Figure 6.14I) stimulation presumably because the NFκB p65 detection reagents 

were not validated for mouse samples.  

 Phosphorylation of p38 (Figure 6.14C), JNK (Figure 6.14B) and ERK (Figure 6.14D) 

phosphorylation in response to LPS was immediate and peaked after only 15 minutes of LPS 

stimulation whereas CREB (Figure 6.14A) and STAT3 (Figure 6.14F) phosphorylation 

peaked after 30 minutes. Akt and GSK3β peaked after 1 hour. Clozapine was added to the 

culture medium at a concentration of 20 µM. This concentration was chosen for the time-

resolved phosphorylation studies since at this concentration IL-12 secretion is reduced and IL-

10 is increased without affecting viability. Higher concentrations of clozapine were avoided to 
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minimize artefacts in phosphorylation due to the toxicity of clozapine in vitro. Uneventfully, 

clozapine did not affect significantly LPS-induced phosphorylation of the signalling proteins 

investigated in this study (Figure 6.14). 

 

 

Figure 6.14 Clozapine does not alter phosphorylation of several signaling proteins 
involved in the response to lipopolysaccharide 

A-I BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for  0, 15, 30 or 60 minutes in the presence of clozapine (Cloz 20; 20 µM). Presented are 
the ratio of phosphorylated/total protein for CREB (pS133; A), JNK (pT183/pY185; B), p38 (pT180/pY182; 
C), ERK (pT185/pY187; D), Akt (pS473; E), STAT3 (pS727; F), STAT5A/B (pY694/699; G), GSK-3β (pS9; 
H) and NFκB p65 (s536; I) at each time point. Shown are means and SEM of two independent experiments 
combined. Statistical analyses by two-way ANOVA. 

 

To analyse phosphorylation of signalling proteins specifically, the ratio of phosphorylated 

protein/total protein was calculated to show specific phosphorylation-induced by LPS with 

correction for changes in total protein. Using this analysis, phosphorylation of CREB (Figure 

6.15A), JNK (Figure 6.15B), p38 (Figure 6.15C), ERK (Figure 6.15D), Akt (Figure 6.15E), 

STAT3 (Figure 6.15F), STAT5 (Figure 6.15G), GSK-3β (Figure 6.15H) and NFκB p65 

(Figure 6.15I) were not significantly affected by the presence of clozapine in the culture 

medium after LPS stimulation. Similarly, no phosphorylation was detectable in the absence of 

LPS. These results indicate that clozapine at these concentrations does not cause detectable 
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alterations in the phosphorylation of these cell signalling pathways up to one hour after LPS 

stimulation. 

 

 

Figure 6.15 Clozapine does not alter LPS-induced phosphorylation of signaling 
proteins 

A-I BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 0, 15, 30 or 60 minutes in the presence of clozapine (Cloz 20; 20 µM). Presented are the 
ratio of phosphorylated/total protein for CREB (pS133; A), JNK (pT183/pY185; B), p38 (pT180/pY182; C), 
ERK (pT185/pY187; D), Akt (pS473; E), STAT3 (pS727; F), STAT5A/B (pY694/699; G), GSK-3β (pS9; H) 
and NFκB p65 (s536; I) at each time point. Shown are means and SEM of two independent experiments 
combined. Statistical analyses by two-way ANOVA. 

 

No positive signal was detected for phosphorylated and total p70S6K using the Milliplex multi-

pathway cell signalling kit for any of the experiments conducted. Since the NFκB p65 detection 

reagents included in the Milliplex multi-pathway cell signalling kit was not validated for mouse 

samples, phosphorylated and total NFκB p65 was measured in cell lysates by ELISA. After 30 

minutes or 60 minutes of LPS stimulation, NFκB p65 is phosphorylated at s536 and is not 

affected by clozapine at 20 µM or 40 µM. Similarly, risperidone at 40 µM did not affect NFκB 

p65 phosphorylation (Figure 6.16A). Neither clozapine nor risperidone had any effect on 

NFκB p65 phosphorylation in unstimulated wells (Figure 6.16A). Total NFκB p65 was 

unaffected by clozapine, risperidone or LPS (Figure 6.16B). Similarly, when data were 

presented as the ratio of phosphorylation/total, LPS stimulated the phosphorylation of NFκB 
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p65 but was unaffected by clozapine or risperidone (Figure 6.16C). These results indicate that 

clozapine did not alter the cytokine production of macrophages by altering NFκB p65 

signalling in the first hour of LPS stimulation. 
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Figure 6.16 Phosphorylation of NFκB p65 at s536 is not affected by clozapine 

A-C BMMØ were plated at 100,000 cells/well, were primed with IFN-γ (20 U/mL) and stimulated with 
lipopolysaccharide for 30 or 60 minutes in the presence of clozapine (Cloz 20; 20 µM, Cloz 40; 40 µM) or 
risperidone (Risp 40; 40 µM). A Absorbance at 450 nm of phosphorylated NFκB p65 (s536) was measured by 
ELISA. B Absorbance at 450 nm of total NFκB p65 was measured by ELISA. C Ratio of phosphorylated/total 
NFκB p65 in matched wells. Shown are means and SEM of duplicate wells from one experiment. Statistical 
analyses were performed by two-way ANOVA and Tukey’s multiple comparison test. **** p < 0.0001. 
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6.6 Discussion 

Our laboratory has shown that atypical antipsychotic agents are able to alter the activation of 

macrophages and microglia. Although recent studies have previously identified that clozapine 

has immune modulating properties, there is very little published evidence on the mechanism 

by which clozapine is able to modulate the immune response. This chapter aimed to investigate 

how clozapine is able to alter the activation of macrophages and microglia as a potential 

mechanism by which they are effective at reducing disease during EAE. 

In EAE and MS, macrophages and microglia are in an inflammatory state of activation 

supported by IFN-γ from Th1 biased T cells. To model this situation in vitro, bone-marrow 

derived macrophages were first primed with IFN-γ followed by stimulation with LPS resulting 

in high production of IL-12 and some IL-10 that is characteristic of classical macrophage 

activation. We show here that clozapine as well as risperidone was able to alter the activation 

of macrophages towards a less inflammatory phenotype by producing less IL-12 and more IL-

10. It is interesting to note that dopamine itself altered activation of macrophages towards a 

less inflammatory state in a similar manner, given that clozapine is an antagonist of dopamine 

receptors. We have previously shown that this effect cannot be replicated when specifically 

antagonizing D1R, D2R or both, indicating that clozapine must also act on other receptors like 

the serotonin, histamine, adrenergic and muscarinic receptor families to induce the anti-

inflammatory response. The fact that clozapine has such a wide receptor binding profile makes 

it a challenging task to decipher the precise mechanism experimentally and as a compromise 

of finding the precise receptors involved, an approach to measure changes in intracellular 

signalling was implemented instead.  

There is evidence to suggest that clozapine may alter cAMP signalling pathways. Firstly, 

clozapine is known to have partial agonist activity at several GPCR, and these are typically 

coupled to cAMP signalling. It has recently been shown that clozapine can inhibit cAMP 

accumulation in CHO cells transfected with the m2 receptor (Olianas, Maullu, & Onali, 1999). 

It was also shown in 2003 by Pozzi et al. that intraperitoneal injection of clozapine reduced the 

phosphorylation of the cAMP response element-binding protein (CREB) whereas injection of 

haloperidol increased CREB phosphorylation in mice (Pozzi et al., 2003). These studies 

indicate some potential for clozapine to alter cAMP signalling in other cells such as 

macrophages and microglia in the CNS.  
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Recognizing that cAMP signalling affects the cytokine production of macrophages stimulated 

with LPS, it was shown in these experiments that clozapine does not affect the accumulation 

of cAMP during the first hour of LPS stimulation when transcription of cytokines has occurred 

(Sharif, Bolshakov, Raines, Newham, & Perkins, 2007), indicating that the anti-inflammatory 

effect observed with clozapine in this model is independent of cAMP signalling.  

A substantial number of studies have demonstrated the potential for clozapine and other 

atypical antipsychotic agents to modify the Akt-GSK-3β pathway (Li et al., 2007; Roh et al., 

2007) and the inhibition of GSK-3β is believed by some investigators to be a mechanism by 

which atypical antipsychotic agents are therapeutic during psychiatric illness (Cole, 2013; Jope 

& Roh, 2006). The Akt-GSK3β was therefore investigated in this study. Firstly, the 

experiments presented in this chapter showed that there are discrepancies between the effects 

of Akt1/2 inhibitor and the GSK-3β inhibitor CHIR99021 on RAW 264.7 and primary 

macrophages. Although insufficient experimental data is available to elucidate these 

differences, a possible explanation for this discrepancy is that cancerous cell lines such as 

RAW 264.7 in general are constitutively high in Akt activity to promote survival and 

proliferation (Testa & Bellacosa, 2001) and may not be an ideal model for studies in phospho-

protein signalling. 

Nevertheless, clozapine has previously been shown to alter signalling pathways including Akt 

and GSK3, which are known to alter toll-like receptor initiated cytokine production. Indeed, 

when Akt1 and Akt2 activity is inhibited to activate glycogen synthase kinase-3 downstream, 

the production of IL-10 is suppressed while IL-12 is increased in LPS stimulated macrophages. 

In contrast, when glycogen synthase kinase-3 activity is inhibited the secretion of IL-10 is 

increased and IL-12 is inhibited. This is a mechanism that has been previously published 

(Martin, Rehani, Jope, & Michalek, 2005) and has an effect that is similar to the effect we see 

when we treat macrophages with risperidone or clozapine, albeit much more pronounced. 

Indicating that if clozapine were able to modulate GSK-3β, we would observe this effect. It 

was therefore hypothesized that clozapine was able to suppress IL-12 and increase IL-10 in 

macrophages by its reported ability to modulate GSK-3β as it had similar effects to the GSK-

3β inhibitor. Multiple cell signalling pathways were analysed in time course experiments up to 

1 hour after LPS stimulation and these did not detect any effect by clozapine on the 
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phosphorylation of GSK-3β or other cell signalling proteins investigated. Given that no 

significant alterations in cell-signalling proteins were detected during the early signalling 

events it may suggest that clozapine has an effect on other pathways of protein secretion. 

 

 

 

Figure 6.17 Potential mechanism by which clozapine is able to reduce IL-12 and 
increase IL-10 

A During LPS stimulation, TLR4 signaling activates PI3K through a MyD88 dependent pathway which 
activates Akt downstream. Akt activation inhibits GSK3 which regulates IL-12 and IL-10 production. When 
GSK3 is inhibited using a specific inhibitor, CHIR99021 (shown in red), IL-12 production is supressed while 
IL-10 is increased. In contrast, when an Akt inhibitor is used, Akt1/2 inhibitor inhibits Akt which activates 
GSK3 downstream and results in an opposite effect that is evident with increased IL-12 production and 
decreased IL-10. B Clozapine and risperidone could through an unidentified mechanism inhibit GSK3 and 
result in reduced IL-12 production and increased IL-10 similar to the effect of CHIR99021 in A. 
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Although the GSK-3β pathway is a promising target by which clozapine may alter the 

activation of macrophages, other pathways including the mTOR pathway also have potential 

to be modulated by clozapine. Like GSK-3β, mTOR has a significant role in regulating LPS 

induced cytokine production. Activating mTOR suppresses IL-12 production and increases IL-

10 in LPS stimulated macrophages (Weichhart et al., 2008). Currently, there are no published 

reports describing the effects of clozapine on the mTOR pathway, although the structurally 

similar atypical antipsychotic olanzapine has been shown to activate mTOR in mice liver 

(Schmidt et al., 2013). Therefore, it is possible that clozapine affects both mTOR and GSK-3β 

signalling pathways to modify innate immune responses. 

6.7 Conclusions  

The experiments in this chapter show that Akt and GSK-3β are important signalling enzymes 

for regulating the secretion of pro and anti-inflammatory cytokines in macrophages. While 

atypical antipsychotic agents have been described to alter the Akt-GSK-3β pathway, the 

experiments conducted did not measure changes in LPS induced Akt or GSK-3β 

phosphorylation in the presence of clozapine. In addition, no alteration in the phosphorylation 

of CREB, JNK, p38, ERK, STAT3, STAT5 and NFκB p65 was detected and may indicate that 

clozapine has effects on other cell signalling pathways not investigated here or has effects 

downstream of phosphoprotein signalling. 
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7.1 Introduction 

The previous chapters have demonstrated the efficacy of using clozapine to reduce disease in 

EAE, an animal model commonly used for studying MS. MS is a debilitating disease that 

affects around 2.5 million people around the world with a diverse course of disease that present 

with symptoms ranging from mild cognitive disturbance through to severe physical disability 

in the progressive forms of disease, placing significant strain on patient quality of life and cost 

of healthcare. Patients with progressive forms of disease currently have no approved treatments 

available (Gajofatto & Benedetti, 2015), leaving them only to continually accumulate 

disability. Thus, there is an urgent need for novel therapeutic strategies to improve the quality 

of life and halt disease progression in these patients. While clozapine or risperidone alone show 

promise, there is also the possibility that their protective effects could be augmented by 

complementing their therapeutic pathways with an alternative therapeutic agent, and this 

chapter explores this possibility. 

 

7.1.1 L-DOPA and clozapine as potential therapeutics for multiple sclerosis 

A considerable number of studies have described the influence of psychiatric illness such as 

depression and other behavioural on immune homeostasis. Many of the effects of psychosocial 

stressors on the immune profile have been attributed to the action of catecholamines, which are 

released via activation of the sympathetic nervous system (i.e. the “fight or flight” response). 

Specifically, peripheral blood mononuclear cells (PBMC) from MS patients who scored higher 

in the Perceived Stress Scale generally produced more inflammatory cytokines when compared 

to healthy controls (Sorenson, Janusek, & Mathews, 2013). Many studies have identified that 

increased stress generally correlates with increased risk for relapse during MS (Karagkouni, 

Alevizos, & Theoharides, 2013) and the use of coping strategies for stress negatively correlates 

with the severity of disease symptoms (Somer et al., 2010). In addition to the impact of 

psychological stress, the influence of the sympathetic nervous system in regulating 

inflammatory responses is exemplified by a study, which shows that voluntary wheel running 

in mice delays the onset of EAE (Benson et al., 2015).  

A recent review by Pacheco et al. in 2014 suggests that autoimmune disorders such as multiple 

sclerosis are associated with dysregulated dopamine homeostasis (Rodrigo Pacheco, Contreras, 

& Zouali, 2014). Of note, the catecholamine dopamine inhibits the production of IFN-γ and 
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IL-17A in both healthy and MS patient PBMC (Melnikov, Belousova, Murugin, Pashenkov, & 

Boyко, 2016), and we have shown in the previous chapters that dopamine receptors are 

expressed on cells of the immune system including macrophages, monocytes and lymphocytes 

indicating that these immune cells can directly respond to dopamine. Furthermore, we have 

previously published experimental data demonstrating that dopamine suppresses the 

production of IL-12 and increases IL-10 by LPS-stimulated macrophages (D. O'Sullivan et al., 

2014). Interestingly, when clozapine is added together with dopamine during LPS stimulation 

of macrophages there is a marked decrease in IL-12 production that is greater than with either 

individual agent (unpublished from honours thesis, Zareie P 2013) and suggests that dopamine 

and clozapine together may have an additive effect in reducing inflammatory processes. This 

chapter aims to investigate this effect during EAE by increasing the available dopamine in the 

presence of clozapine as an effective therapeutic for multiple sclerosis. 

7.1.2 Risperidone and fluoxetine as potential treatments for multiple sclerosis 

Since other psychiatric drugs have recently been shown to have immune modifying effects, the 

potential for re-purposing therapeutic agents used for psychiatric illnesses to treat MS must be 

investigated. Depression is one of the most common psychiatric illness in the modern world 

and it is increasingly evident that depression is associated with chronic inflammation in the 

CNS.  

Historically, it was believed that depression arose as an imbalance of neurotransmitters in the 

brain. Firstly, norepinephrine and then later studies suggested that a serotonin imbalance was 

responsible for depression. A commonly used therapeutic agent for treating psychiatric 

illnesses such as major depression is fluoxetine, a selective serotonin re-uptake inhibitor (SSRI) 

that increases pre-synaptic concentrations of serotonin. The mechanism of SSRI in treating 

depression was previously understood to correct serotonin deficiencies in affected patients; 

however, no conclusive evidence has ever been published that demonstrates serotonin 

deficiencies in patients with depression compared to healthy volunteers.  Animal studies show 

that serotonin-deficient mice did not develop behavioural abnormalities (such as depression 

like symptoms) when compared to wild type mice. Additionally, high doses of the serotonin 

precursor L-tryptophan was not effective at treating depression symptoms (Mendels, Stinnett, 

Burns, & Frazer, 1975), adding considerable doubt to the serotonin deficiency theory of 

depression. Instead, experimental data has more convincingly shown that depression normally 

coincides with clinical signs of an inflammatory response and shares a common feature of 
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“sickness behaviour” during a fever response to infection that is normally characterized by 

lethargy, depression and anxiety. Is depression an inflammatory disorder? At this time, there 

are no definitive studies to make conclusions; however, there is evidence that has since 

demonstrated the anti-inflammatory effects of drugs used to treat psychiatric illnesses 

including fluoxetine for depression. Fluoxetine is known to partially rescue the immune 

changes induced by an auditory stress signal, as well as effectively limiting pathology during 

collagen-induced arthritis in mice (Sacre et al., 2010). Moreover, fluoxetine inhibits 

lipopolysaccharide (LPS) induced secretion of TNF-α, IL-1β, NO and ROS by microglia and 

protects against LPS-induced neuronal loss indicating that fluoxetine is able to inhibit 

microglial activation similarly to clozapine or risperidone (Zhang et al., 2012). While no 

conclusive evidence has been published that describes the mechanism by which SSRI like 

fluoxetine are able to alter the immune response or mood disorders, many studies have 

attempted to do so and have since shown that fluoxetine can act in a manner similar to other 

psychiatric drugs that modulate the Akt-GSK3 pathway. This pathway is already understood 

to modulate mood disorders and the immune response during EAE. Moreover, fluoxetine, 

which inhibits GSK3, has previously been shown to reduce disease during chronic EAE in rats 

(Yuan et al., 2012) and has been identified as a potential therapeutic for multiple sclerosis in a 

recent systematic review (Vesterinen et al., 2015). In a similar manner to clozapine and 

risperidone, fluoxetine treatment increases phosphorylation of GSK3 in the brains of mice, and 

this effect may be responsible for the reduction in EAE disease given that inhibition of GSK3 

by specific inhibitors can independently reduce EAE severity (Beurel et al., 2013). 

Accordingly, if GSK3 is the mechanism by which EAE is suppressed by psychiatric drugs then 

modulating and inhibiting GSK3 activity more effectively by combining two treatments may 

equate to an improvement in therapeutic response. In support of this idea, risperidone treatment 

improves the anti-depressant effects of fluoxetine and is often co-prescribed for treatment 

resistant depression in the clinic. Animal studies have shown that co-administration of both 

fluoxetine and risperidone together can increase GSK3 phosphorylation in the mouse brain 

much more than with either agent alone, causing an improvement in depression symptoms and 

augmenting immune modulating properties by further altering macrophages to become less 

inflammatory (Roman, Kusmierczyk, Klimek, Rogoz, & Nalepa, 2012). These results suggest 

that risperidone and fluoxetine co-administered may improve therapeutic efficacy in EAE. 

In light of the studies discussed, two questions present themselves. Does the co-administration 

of L-DOPA and clozapine or risperidone and fluoxetine improve the efficacy of either 
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clozapine or risperidone alone in treating EAE? This chapter presents experimental in vivo data 

assessing the effects of L-DOPA, clozapine, risperidone and fluoxetine during EAE to assess 

whether these agents have the potential to synergistically improve therapy in a mouse model 

of MS. 

 

7.2 Aims 

The aim of this chapter is to test hypotheses based on previous work from our laboratory as 

well as previously published research to develop novel therapeutic regimes for the treatment 

of multiple sclerosis using EAE as an animal model. These therapeutic regimes are focused on 

re-purposing already available therapeutic agents with anticipation of translating these findings 

for rapid clinical use.  

 

7.2.1 Specific Aims 

1. To test whether increasing dopamine levels in the CNS using Levodopa/Carbidopa 

during clozapine treatment is more effective at reducing EAE disease than clozapine 

alone. 

2. To test whether risperidone and fluoxetine administered together can improve 

therapeutic efficacy of either agent alone during EAE. 
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7.3 Results 

7.3.1 Levodopa/Carbidopa treatment does not alter the disease course of EAE 

Currently, there are no studies evaluating the effects of L-DOPA treatment during EAE. To 

determine whether exogenous dopamine in the CNS can alter the disease course of EAE, mice 

were treated initially with increasing doses of Sinemet® (4:1 L-DOPA/Carbidopa; L-DOPA) 

dissolved in their drinking water one day prior to the induction of EAE. Mice presented with 

typical EAE in all cases and none of the experimental groups presented with altered EAE 

disease progression (Figure 7.1A). EAE mice began to lose weight at the same time as the 

onset of disease. All doses of L-DOPA did not significantly affect the weight loss of mice when 

compared to vehicle treated mice (Figure 7.1B). All experimental groups receiving increasing 

doses of L-DOPA succumbed to disease at a similar stage (Figure 7.1C) and reached a similar 

peak disease score to untreated mice (Figure 7.1D) equating to similar overall disease burdens 

in all experimental groups (Figure 7.1E) indicating that L-DOPA at the doses expected to 

increase CNS dopamine did not have any significant effect on EAE disease progression.   
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Figure 7.1 Levodopa/Carbidopa does not alter EAE disease progression 

A-E C57BL/6J mice were treated with indicated concentrations of L-DOPA/Carbidopa (L-Dopa 50 = 50/12.5 
mg/kg/day; 100 = 100/25 mg/kg/day; 150 = 150/37.5 mg/kg/day) in their drinking water one day prior to EAE 
induction. A Mice were scored daily for disease (0; normal – 5; moribund) and B weighed to monitor overall 
health. C Disease onset mice with EAE only (d.p.i) D Maximum disease score reached (d.p.i). E Disease burden 
(AUC). Shown are means and SEM of individual mice from one experiment (n = 5 mice in each group). 
Statistical analyses by one-way ANOVA and Dunnett’s multiple comparison test.  
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7.3.2 L-DOPA does not enhance clozapine protection during EAE 

To assess whether exogenous dopamine can work in synergy with clozapine to reduce EAE 

disease in vivo, mice were co-treated with L-DOPA (100 mg/kg/day) and clozapine (60 

mg/kg/day) in their drinking water. Similar to our previous findings, clozapine affected EAE 

disease course (Figure 7.2A) and weight (Figure 7.2B) as previously demonstrated. Clozapine 

delayed the onset of EAE (Figure 7.2C). Peak disease score was not significantly different 

between experimental groups in these experiments (Figure 7.2D). Clozapine reduced disease 

burden of EAE when given alone or in combination with L-DOPA (Figure 7.2E). L-DOPA 

alone did not affect disease onset (Figure 7.2C) nor did it affect overall disease burden (Figure 

7.2E). When L-DOPA was given together with clozapine it did not significantly affect the 

protection provided by clozapine (Figure 7.2E), indicating that L-DOPA does not improve the 

therapeutic efficacy of 60 mg/kg/day clozapine.  
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Figure 7.2 L-DOPA does not improve efficacy of clozapine during EAE 

A-E C57BL/6J mice were treated with L-DOPA (100 mg/kg/day), clozapine (60 mg/kg/day) or both in their 
drinking water one day prior to EAE induction. A Mice were scored daily for disease (0; normal – 5; moribund) 
and B weighed to monitor overall health. C Disease onset of EAE mice only (d.p.i) D Maximum disease score 
reached (d.p.i). E Disease burden (AUC). Shown are means and SEM of individual mice from one experiment 
(n = 5 mice in each group). Statistical analyses by one-way ANOVA and Dunnett’s multiple comparison test. 
* p < 0.05, *** p < 0.001. 

 

 

Since clozapine is very effective at suppressing EAE disease at the dose used in this study, the 

experiment was repeated using a suboptimal dose of 10 mg/kg/day of clozapine with the 

intention of investigating whether L-DOPA was able to synergize with a suboptimal dose of 

clozapine. As expected, when clozapine was given at this suboptimal dose, no significant 

improvement in disease course (Figure 7.3A) or weight (Figure 7.3B) was observed. 

Clozapine at the lower dose did not improve disease onset (Figure 7.3C), peak disease score 
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(Figure 7.3D) or overall disease burden (Figure 7.3E). Likewise, L-DOPA alone did not 

significantly affect the disease course as previously observed (Figure 7.3A) and although the 

combination of L-DOPA and clozapine did not have any effect on disease course, it did delay 

the onset of disease significantly albeit modestly (Figure 7.3C). Taken together, these 

experiments indicate that L-DOPA does not substantially enhance the protective effect of 

clozapine.  

 

Figure 7.3 L-DOPA does not improve efficacy of low dose clozapine during EAE 

A-E C57BL/6J mice were treated with L-DOPA (100 mg/kg/day), clozapine (10 mg/kg/day) or both in their 
drinking water one day prior to EAE induction. A Mice were scored daily for disease (0; normal – 5; moribund) 
and B weighed to monitor overall health. C Disease onset of EAE mice only (d.p.i) D Maximum disease score 
reached (d.p.i). E Disease burden (AUC). Shown are means and SEM of individual mice from one experiment 
(n = 5 mice in each group). Statistical analyses by one-way ANOVA and Dunnett’s multiple comparison test. 
* p < 0.05. 
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7.3.3 Risperidone and fluoxetine do not synergize to enhance protection from EAE 

Considering that GSK-3 modulation is effective for treating EAE and that both risperidone and 

fluoxetine have previously been reported in the literature to have synergistic effects on the 

inhibition of GSK-3, it was worthwhile investigating whether this combinational treatment 

would be more effective at reducing disease during EAE. In contrast to previous work from 

our group, when mice were given risperidone at 3 mg/kg/day, only a modest effect on EAE 

disease and weight was observed that did not reach statistical significance (Figure 7.4A and 

B). This equated to a similar disease burden experienced by all experimental groups (Figure 

7.4C). No difference in disease onset was observed (Figure 7.4D). These results indicate that 

administering fluoxetine and risperidone together does not improve the therapeutic efficacy of 

either agent alone.  
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Figure 7.4 Co-administration of risperidone and fluoxetine does not improve EAE 
disease 

A-E C57BL/6J mice were treated with fluoxetine (FLUOX 20; Fluoxetine 20 mg/kg/day) and/or risperidone 
(RISP 3; Risperidone 3 mg/kg/day) in drinking water available ad libitum one day prior to EAE induction. A 
Mice were scored daily for disease (0; normal – 5; moribund) and B weighed to monitor overall health. C 
Disease burden of mice as assessed by AUC analysis. D Peak disease score of mice. E Disease onset of mice 
that got sick. Shown are means and SEM of individual mice from two independent experiments combined. n = 
10 mice in each experimental group. Statistical analyses by one-way ANOVA and Dunnett’s multiple 
comparison test. 

 

To further examine whether risperidone and fluoxetine affected the immune response during 

EAE as originally hypothesized, splenocytes were isolated 20 d.p.i and re-stimulated in vitro 

with MOG35-55 peptide. Mice treated with risperidone, fluoxetine or both produced similar 

levels of IFN-γ to mice that received vehicle alone (Figure 7.5A). Similarly, no difference in 

IL-17A responses were found in mice that received risperidone, fluoxetine or both when 
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compared to vehicle controls (Figure 7.5B), showing that treatment does not alter antigen-

specific recall responses during EAE.  

 

 

 

Figure 7.5 Risperidone and Fluoxetine does not alter MOG-specific recall response 

A-B Splenocytes were isolated 20 d.p.i, cultured and re-stimulated with MOG35-55 peptide (50 µg/mL) for 72 hours. A 
IFN-γ and B IL-17A in the supernatant were measured by ELISA. Shown are means and SEM of individual mice 
conducted in triplicate representative of two independent experiments. n = 5 mice in each experimental group. 
Statistical analyses by one-way ANOVA and Dunnett’s multiple comparison test. 
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7.4 Discussion 

The aim of the experiments in this chapter was to investigate the use of other therapeutic agents 

approved for other psychiatric diseases and to explore their mechanism for treating EAE as a 

potential novel therapy for MS in humans. Specifically, this chapter presented pilot studies 

investigating the effect of treating mice with Levodopa/Carbidopa in combination with 

clozapine and also using a combination of risperidone/fluoxetine on the disease course of EAE. 

Under the experimental conditions described, no improvement in EAE disease was observed 

over clozapine alone at sub-optimal or optimal clozapine doses when various doses of L-DOPA 

were given to mice. Furthermore, risperidone and fluoxetine co-administration was not 

significantly more effective at modifying EAE disease, indicating that although fluoxetine has 

potential as a therapeutic, risperidone does not improve efficacy and this combination may not 

be an effective candidate for future MS therapeutics. 

Dopamine is a neurotransmitter that is known for its immune modulating properties and 

previously published research as well as work presented in this chapter shows that dopamine 

can directly suppress the production of IL-12 and increase IL-10 in macrophages indicating 

that clozapine can alter their activation. IL-12 is an inflammatory cytokine and in the context 

of EAE, and its p40 subunit is essential for the induction of Th1 and Th17 cells that mediate 

inflammation in the CNS. IL-12p40-/- mice fail to develop Th1 and Th17 cells and are 

consequently resistant to EAE (Cua et al., 2003). In contrast, IL-10 is a regulatory cytokine 

that negatively regulates the differentiation and expansion of effector T cells and are critical 

for maintaining self-tolerance (O'Garra, Barrat, Castro, Vicari, & Hawrylowicz, 2008). 

In the clinic, L-DOPA is commonly used to treat the symptoms of Parkinson’s disease that 

arise from the loss of dopamine producing neurons (Lotharius & Brundin, 2002). The most 

effective treatments for Parkinson’s disease is L-DOPA, which is a dopamine precursor and is 

used to increase extracellular dopamine (Abercrombie, Bonatz, & Zigmond, 1990) in the CNS 

as it is able to be transported across the BBB (Kageyama et al., 2000). Little research has been 

conducted investigating the effect of L-DOPA on the immune response in intact organisms, 

but a few studies have been conducted using dopamine in in vitro culture of macrophages and 

T cells, including ours, which have shown that dopamine can directly alter LPS stimulated 

macrophages towards a less inflammatory state. In this study, animals were orally administered 

Sinemet® as a method of increasing extracellular dopamine in the CNS to investigate whether 

additional dopamine in the CNS can modify EAE disease. 
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Given that inflammatory lesions in EAE are composed mainly of macrophages derived from 

blood monocytes that are essential for EAE disease, we questioned whether exogenous 

dopamine present in the CNS could reduce EAE disease by altering the activation of 

macrophages similar to what we observe in in vitro cultured macrophages stimulated with LPS. 

To achieve this, Sinemet® was used because this formula contains a combination of L-DOPA 

and Carbidopa. The dopamine precursor L-DOPA can cross the BBB and is used to increase 

CNS dopamine as dopamine is not able to cross the BBB. L-DOPA is converted to dopamine 

by DOPA decarboxylase and therefore requires the use of the peripherally restricted DOPA 

decarboxylase inhibitor, Carbidopa, be used to limit dopamine conversion to the CNS and not 

the periphery. Limiting L-DOPA conversion to the CNS is essential as peripheral activation of 

dopaminergic receptors can cause a range of undesirable side effects like nausea and vomiting. 

Mice were given doses of 50, 100 and 150 mg/kg/day of L-DOPA/Carbidopa in their drinking 

water one day prior to EAE induction. These doses were expected to be of appropriate range 

to experiment as 100 mg/kg/day were previously shown to alter T cell immune responses in 

BALB/c mice (Boukhris, Kouassi, Descotes, Cordier, & Revillard, 1987).   

Because it was observed that clozapine and dopamine had an additive effect on the suppression 

of IL-12 production by macrophages; mice were then co-treated with L-DOPA/Carbidopa and 

clozapine to determine whether a greater protection from EAE could be observed. While 

clozapine was protective, the addition of L-DOPA/Carbidopa did not affect disease nor did it 

improve the efficacy of high and low doses of clozapine. Contrary to initial hypotheses, these 

results indicate that treating mice with clozapine and L-DOPA/Carbidopa may not be a better 

therapeutic strategy than clozapine alone. 

These conclusions are limited by a few possible factors. As described in the methods section, 

the Sinemet® formula was used in tablet form and dissolved in water as an approach of safely 

adding L-DOPA/Carbidopa into drinking water. While great care was taken to maximize 

solubility, it is not certain whether the correct dose of Sinemet® was in fact dissolved in the 

water as the solution contains contaminants from the tablet formulation that are insoluble in 

water, making the visual observation of dissolving material in the solution impossible. The 

CNS levels of dopamine or L-DOPA in the CNS were not measured and it therefore cannot be 
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concluded that L-DOPA/Carbidopa treatment significantly increased CNS levels of dopamine 

in these experimental mice. Finally, these studies were limited to the use of a small range of 

doses and may be improved by addition of higher doses of L-DOPA/Carbidopa. It may then be 

worthwhile conducting more experiments using pure L-DOPA and Carbidopa to ensure that 

the correct dosage is given to mice. 

Dopaminergic receptors typically signal through cAMP dependent and independent 

mechanisms and both of these have potential to alter the immune response. cAMP independent 

mechanisms includes the β-arrestin pathway that activates the Akt-GSK3 pathway independent 

of G proteins (J.-M. Beaulieu, Del' Guidice, Sotnikova, Lemasson, & Gainetdinov, 2011) and 

was demonstrated in vivo when chronic L-DOPA treatment activated Akt and inhibited GSK-

3 in the striatum of animals depleted of dopamine (Bychkov, Ahmed, Dalby, & Gurevich, 

2007). Given that GSK3 inhibitors can directly suppress EAE disease and that both dopamine 

and clozapine have been reported to inhibit GSK3, it was proposed that co-administering L-

DOPA could have potential to improve therapeutic response to clozapine alone, however, since 

no improvement was observed, it is possible that L-DOPA and clozapine does not inhibit GSK3 

sufficiently to reduce EAE disease. Furthermore, these experiments used the Sinemet 

formulation of L-DOPA which includes carbidopa to limit peripheral metabolism of L-DOPA 

to dopamine, therefore these experiments limit the effects of L-DOPA to the CNS whereas 

previously published work investigating the use of GSK3 inhibitors in EAE were administering 

compounds peripherally and are not limited to the CNS but also active in the periphery. 

There is already considerable evidence for glycogen synthase kinase-3β and its role in 

regulating immune responses and these effects may underlie the mechanism by which 

psychiatric agents are therapeutic during EAE. EAE is a disease that requires the activity of 

Th1 and Th17 cells and one hypothesis is that agents that inhibit glycogen synthase kinase-3β 

suppress the differentiation of T lymphocytes to gain pathogenic function due to the 

dependence of Th1 and Th17 cells on glycogen synthase kinase-3β. This is demonstrated 

clearly in a study where inhibition of GSK-3 specifically prevents differentiation to Th1 and 

Th17 cells but not towards Treg (Beurel et al., 2013). Furthermore, specifically inhibiting 

GSK3β during EAE is by itself sufficient to reduce disease (Beurel et al., 2013; E. Beurel et 

al., 2011). GSK3β is also involved in regulation of activated macrophages/monocytes. The 

previous chapter verified reports that the Akt-GSK3 pathway is a key regulator of LPS induced 

cytokine production by macrophages by using specific inhibitors of Akt and GSK3 where 
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inhibiting GSK3 activity suppresses IL-12 and increases IL-10 secretion in primary 

macrophages, an effect that parallels what is observed with risperidone and clozapine. These 

studies indicate that GSK3 promotes inflammatory responses in both T cells and 

macrophages/monocytes and while the precise mechanism of action of these agents remains to 

be established, there is already compelling evidence to indicate that modifying GSK3β activity 

may be a promising target for the treatment of EAE and MS.  

The GSK-3β is a pathway that is modulated not only by atypical antipsychotic agents but is 

also a pathway that is shared with multiple other therapeutic agents for psychiatric illness such 

as fluoxetine and lithium chloride used for treating depression and bipolar disorder 

respectively. Not only do these agents share the ability to modulate GSK-3β; clozapine, 

risperidone, fluoxetine and lithium are all known to have immune modifying effects and are 

effective at reducing disease during EAE (De Sarno et al., 2008; D. O'Sullivan et al., 2014; 

Sacre et al., 2010; Yuan et al., 2012). Moreover, a study by Li et al. in 2007 elegantly showed 

that when risperidone and fluoxetine are co-administered to mice by i.p injection, 

phosphorylation of GSK-3β in the cortex, hippocampus and striatum improved over either 

risperidone or fluoxetine alone (Li et al., 2007), and this combination has proven more effective 

at shifting stress activated inflammatory macrophages towards the M2 regulatory phenotype 

(Roman et al., 2012). However, in the experiments performed in this chapter, co-administering 

risperidone and fluoxetine were not more effective at reducing EAE disease. It is important to 

note that an oral administration route of delivery was utilized in our experiments which may 

have altered efficacy, but given that these are orally administered agents in humans, it was a 

more clinically relevant finding for the treatment of human diseases. 

7.5 Conclusions 

Experimental results from this chapter show that L-DOPA/Carbidopa does not improve the 

efficacy of sub-optimal and optimal doses of clozapine during EAE when orally administered 

chronically. Likewise, the risperidone and fluoxetine combination which had potential to 

greatly alter GSK3-B phosphorylation in the brain of mice were not effective at reducing 

disease during chronic oral administration in EAE. These results indicate that L-

DOPA/Clozapine and risperidone/fluoxetine are unlikely candidates for therapeutics during 

MS. 
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Chapter 8: General Discussion 



	 159 

8.1 Summary 

This study focused on investigating the immunological and molecular mechanisms by which 

the atypical antipsychotic clozapine modulates the immune response to reduce disease in EAE. 

This study demonstrated that while clozapine effectively delayed the onset and limited 

progression to severe disease, protection from disease was not associated with defective 

antigen-specific T cell responses during the induction or effector phase of disease. In vitro 

experiments indicated that clozapine had potential to impair pathogenic Th1/Th17 responses 

although these effects were not observed in vivo. In addition, in vitro experiments indicated 

that clozapine had the potential to promote the development and function of Treg although 

these were proven dispensable for EAE protection by clozapine, indicating that clozapine 

treatment protects from EAE by an alternative mechanism. While no defect in T cell responses 

was measured during EAE, analysis of microglia and monocytes in the CNS demonstrated that 

clozapine can suppress their activation, and this alteration in activation was shown to be a direct 

effect by using in vitro cultured macrophages. Clozapine-treated mice had remarkably less 

infiltration of inflammatory cells into the CNS raising the possibility that reduced microglia 

and monocyte activation minimized recruitment to the CNS. However, clozapine was not 

effective at preventing disease when EAE was induced by adoptive transfer of encephalitogenic 

T cells indicating that a multi-faceted mechanism is likely to be involved. Overall, these results 

show that clozapine can suppress the activation of microglia and macrophages in the CNS, and 

this effect may play a significant role in disease protection from EAE. 

8.2 The potential mechanism of action of clozapine during EAE 

This study aimed to investigate the mechanism by which clozapine was able to reduce disease 

during EAE. There are currently no studies that have investigated the effects of clozapine on 

the immune response in vivo, however, a few have recognized its immunomodulatory 

properties. Studies have shown that immune cells such as macrophages and T cells are 

regulated by many neurotransmitters, including dopamine receptors (McKenna et al., 2002; R. 

Pacheco, Prado, Barrientos, & Bernales, 2009; R. Pacheco et al., 2010) and signalling by these 

could be targeted by clozapine (Brunello, Masotto, Steardo, Markstein, & Racagni, 1995), 

making the elucidation of the precise mechanism a complex task. This task was tackled using 

a systematic approach that investigated important aspects of EAE pathogenesis as potential 

targets of clozapine. This approach indicated that clozapine is unlikely to have affected antigen-
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specific T cell responses in the periphery as a way of reducing disease and suggests an 

alternative mechanism. Chronic activation and infiltration of microglia and monocytes are a 

hallmark of MS and EAE and are major contributors to neurological damage. Chronic 

microglial activation-induced neurodegeneration has been observed in many different diseases 

including Alzheimer’s disease (Heneka, Kummer, & Latz, 2014) and schizophrenia (Müller et 

al., 2015) further supporting the pathological role of microglia in MS. Targeting microglial 

activation has proven an effective means of reducing EAE disease (J. Zhou et al., 2015) and 

similarly, limiting the recruitment of CCR2+ monocytes into the CNS also prevents disease 

(Ajami et al., 2011). Interestingly, the antibiotic minocycline, known for its capacity to inhibit 

microglia (Kobayashi et al., 2013), has been shown to have potential in treating MS (Luccarini 

et al., 2008) and schizophrenia (Miyaoka et al., 2008).  

The fact that clozapine effectively inhibits the activation of macrophages and microglia in the 

CNS has significant implications for the potential mechanism by which it may reduce EAE. 

During the induction of EAE, microglia in the CNS become activated before the onset of 

disease or infiltration of peripheral immune cells (E. D. Ponomarev, Shriver, Maresz, & Dittel, 

2005) potentially by GM-CSF produced by self-reactive T cells in the periphery, both of which 

are required for EAE (E. D. Ponomarev et al., 2007). Indeed, selectively preventing the 

activation of microglia inhibits the induction of EAE (Heppner et al., 2005). In addition, EAE 

requires that MHC-expressing cells like microglia re-activate self-reactive T cells in the CNS 

(Tompkins et al., 2002), further highlighting the importance of microglia activation for EAE 

induction and progression. Further experimental investigation is required to conclude with 

certainty that clozapine limits disease by inhibiting microglia, although it is postulated that 

clozapine can also affect other immune parameters in combination. 

While this study focused mainly on the functional activity of T cells and myeloid cells, the 

potential that clozapine alters other extraneous physiological aspects cannot be excluded. For 

example, this study did not investigate the effects of clozapine on the trafficking of immune 

cells across the BBB, however, it can be inferred that clozapine is unlikely to affect access to 

the BBB as it was carefully demonstrated in this study that adoptive transfer of 

encephalitogenic T cells into clozapine treated animals did not prevent the induction of EAE.  

Nevertheless, investigation into the effect of clozapine on the trafficking of immune cells 

across the BBB endothelium would be highly beneficial in providing insight into the 

mechanism of action of clozapine during EAE.  In the steady state, brain endothelial cells 
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express low levels of cell adhesion molecules and can be up-regulated during inflammation. 

Similarly, activated immune cells including effector T cells express cell adhesion molecules 

such as the α4β1-integrin that is the target of MS therapeutic Natalizumab; allowing them to 

traffic into the CNS (Ted A. Yednock et al., 1992). Interactions between leukocytes and brain 

endothelial cells through cell adhesion molecules are dependent on GPCR signalling  

(Adamson et al., 2002; Chigaev et al., 2008; Shamri et al., 2002). Currently, there are no studies 

that have investigated how clozapine affects the expression of cell adhesion molecules on 

immune or endothelial cells. In addition, since the identified targets of clozapine are primarily 

GPCR (Catapano & Manji, 2007), there is potential that signalling pathways through cell 

adhesion molecules are perturbed by signalling alterations induced with clozapine treatment; 

potentially causing poorer trafficking into the CNS. Investigation into these possibilities would 

be useful in determining the precise mechanism of action of clozapine during EAE.  

Although there is not enough evidence to indicate whether clozapine is able to alter the 

trafficking of immune cells into the CNS; this study provides some evidence to suggest that 

clozapine does not have a significant effect on CNS trafficking based on the adoptive transfer 

of EAE approach. This model is commonly used to study the effector phases of disease 

pathogenesis as the induction phase of disease can be isolated from the analysis. For example, 

in the adoptive transfer of EAE approach, T cells that are myelin-specific and activated are 

transferred into recipients such that these T cells do not need to undergo priming and antigen-

presentation by host dendritic cells. Secondly, since no immunisation with myelin antigens 

were given to the recipients, there is no pool of antigen from which more host naïve T cells 

could be activated, thus, it is considered a useful model for studying the effector phases of 

disease (C. Kim & Tse, 1993; McCarthy, Richards, & Miller, 2012). If clozapine were to 

directly have an effect on the endothelial cells of the BBB one could expect that the clozapine 

treated mice would experience less disease than untreated mice. In contrast, this study showed 

that clozapine treatment did not have an effect on disease when EAE was induced by adoptive 

transfer.  

This was an interesting finding since clozapine was highly effective at reducing disease when 

EAE was induced actively by immunisation. This could indicate that clozapine significantly 

affects the induction phase of EAE, but has less or no effect on the effector phases of disease. 

However, this possibility is confounded by the findings presented in this thesis showing that 

clozapine treatment does not alter the development of antigen specific CD4 T cells. One other 

possibility is that this result is an artefact of the artificial model of disease and it could be 
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expected that a greater difference might be observed if the culture conditions or the number of 

antigen specific T cells adoptively transferred were optimised further. This would address the 

possibility that the adoptive transfer of EAE protocol generates T cells that are excessively 

encephalitogenic and cannot be controlled by clozapine treatment. In support of this possibility, 

a similar adoptive transfer EAE model has previously been shown to induce increased 

expression of the microglial/macrophage activation marker Iba-1, isolectin and GFAP in 

astrocytes (Mannara et al., 2012). 

This study is also limited by the absence of any investigation as to the effect of clozapine on 

astrocytes, given their activation is also crucial for EAE induction (Brambilla et al., 2014); this 

aspect merits further investigation. 

8.3 Clinical Implications 

MS is a highly heterogeneous disease and is broadly characterized into three major forms. Most 

patients when first diagnosed have a relapsing-remitting course of disease. Each relapse is 

associated with CNS inflammation induced by infiltration of inflammatory cells (Frischer et 

al., 2009). This feature of RRMS is targeted by all of the currently approved treatment options, 

which target cells in the periphery; however, when disease enters the progressive stages of 

disease, neurodegeneration is uncoupled from the peripheral immune system. BBB disruptions 

and leukocyte infiltration are no longer apparent in the progressive stages; consequently, drugs 

that were previously used to treat RRMS are no longer effective, leaving patients to progress 

continually, losing up to 84% of axonal volume (Bjartmar, Kidd, Mork, Rudick, & Trapp, 

2000). Studies indicate that much of the neurodegeneration that occurs in progressive forms of 

MS can be attributed to chronic microglial activation (Felts et al., 2005; Ferguson, Matyszak, 

Esiri, & Perry, 1997; Prineas et al., 2001) and may be treated with drugs that inhibit microglial 

activation. 

Alternative therapies have been proposed for progressive MS patients and one of the most 

intriguing possibilities is to target the remyelination process. Remyelination is observed in both 

MS and EAE lesions (Merkler, Ernsting, Kerschensteiner, Bruck, & Stadelmann, 2006; Patani, 

Balaratnam, Vora, & Reynolds, 2007). Unfortunately, as disease progresses with time and age, 

the rate of remyelination diminishes (Shields, Gilson, Blakemore, & Franklin, 1999) which 

likely results in the failure of repair processes to combat chronic demyelination. This is 

probably part of the reason why immune modulating agents can reduce relapses in MS without 
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preventing disease progression. Prospective therapeutic agents must therefore achieve three 

general functions; cross the BBB to act on the CNS directly, suppress the demyelination 

process by inhibiting inflammation and promote the repair or remyelination of damaged 

neurons. Recent studies suggest that clozapine has potential to stimulate re-myelination in 

oligodendrocytes (Steiner et al., 2014). Furthermore, it has been shown in our laboratory 

(unpublished data) by Nikki Templeton that clozapine can enhance neurological deficits 

induced by cuprizone-induced demyelination, suggesting that clozapine may promote 

remyelination. In addition, clozapine is demonstrated to protect neurons from inflammatory 

damage (X. Hu et al., 2012). These studies in conjunction with this study indicate that clozapine 

may help promote CNS repair and inflammatory damage. Moreover, orally-administered 

compounds that can cross the blood brain barrier such as clozapine may offer better access to 

the central nervous system than currently available protein or antibody-based treatments (di 

Nuzzo, Orlando, Nasca, & Nicoletti, 2014). The data presented in this thesis supports the 

possibility that clozapine is neuroprotective in ways that are also independent of the immune 

response. For example, the reduced expression of activation markers on microglia and 

macrophages are not significantly different in clozapine treated mice compared to vehicle 

treated mice 20 days post immunisation, yet the improvement in disease score is maintained. 

Further experimental studies will be required to determine whether clozapine is 

neuroprotective in an immune independent manner in the EAE model.  

Altogether, the anti-inflammatory, neuroprotective and myelin-promoting properties of 

clozapine meets all of the fundamental requirements of a potential therapeutic for the 

progressive stages of MS and further investigation in clinical efficacy is warranted. 

8.4 Future Directions 

This study has shown that clozapine inhibits the activation of microglia and monocytes in the 

CNS. With the current data, it is hypothesized that clozapine inhibits early activation of 

microglia in the CNS, limiting the entry of inflammatory cells into the CNS. Although this 

study showed that clozapine does indeed alter microglia activation, the experimental data 

currently does not definitively show that clozapine prevents the activation of microglia during 

the induction of EAE, which subsequently prevents peripheral infiltration. To address this 

question, it must first be shown that microglia are indeed activated after EAE induction prior 

to the infiltration of peripherally-derived immune cells. It must also be shown that clozapine 

inhibits the production of chemoattractant and inflammatory mediators by microglia early 
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during the induction phase. To achieve this, microglia can be cell sorted by fluorescence 

assisted cell sorting early during the induction phase where no peripheral infiltration of other 

immune cells can be detected. To distinguish resident microglia, the P2Y12 receptor can be 

used as it was recently identified as a unique marker of resident microglia (Butovsky et al., 

2014). Microglia can then be isolated and analysed for mRNA expression of CCL2, CCL3, 

CCL4, CCL5, IP-10 and Fractalkine to compare microglial expression of these between vehicle 

and clozapine-treated mice. If clozapine does indeed inhibit the expression of chemoattractants 

and inflammatory mediators before the infiltration of other immune cells, then it could be a 

mechanism by which clozapine limits the infiltration of immune cells to the CNS and 

subsequently reduces EAE.  

Furthermore, while this study was unable to confirm previous reports of clozapine having 

inhibitory activity on the constitutively active enzyme GSK-3β, it is still a possible molecular 

mechanism by which clozapine reduces EAE as inhibition of this enzyme is consistent with 

our observations that show clozapine is able to alter T cell differentiation and modify LPS 

induced cytokine production. To demonstrate this notion in vivo during EAE, GSK-

3βS21A/S21A/S9A/S9A knock-in mice can be used which express a GSK-3β that cannot be inhibited 

by phosphorylation and consequently develop more severe EAE disease (E. Beurel, W.-I. Yeh, 

S. M. Michalek, L. E. Harrington, & R. S. Jope, 2011). GSK-3β from these mice cannot be 

inhibited by clozapine treatment, and it is hypothesized that clozapine would not be effective 

in these mice. Moreover, bone marrow chimeric mice using GSK-3βS21A/S21A/S9A/S9A knock-in 

and WT mice can be generated to determine the precise immune cell types involved in EAE 

protection by clozapine. 

Finally, this study did not investigate other potential signalling changes that may occur with 

clozapine treatment. One study shows that olanzapine may activate the mTOR pathway 

(Schmidt et al., 2013). Since clozapine is a structurally similar compound, it would be worth 

investigating this pathway as there have been no studies investigating the effect of clozapine 

on the mTOR pathway. Another study has indicated that atypical antipsychotic agents 

including clozapine may also activate the TGF-β pathway (Cohen et al., 2013) and this pathway 

has significant merit as another potential mechanism by which clozapine is able to reduce EAE 

given the known requirement for TGF-β signalling in Treg differentiation. 
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Appendix I 

Enhanced disease reduction using clozapine, an atypical antipsychotic agent, and 

glatiramer acetate combination therapy in experimental autoimmune encephalomyelitis 

 

Clozapine reduces EAE disease severity prophylactically and therapeutically 

a-e Clozapine reduces EAE disease severity prophylactically (a-c) and therapeutically (d & e). (a) C57BL/6 
female mice were treated with clozapine (10, 30, and 60 mg/kg/day) or vehicle control in their drinking water 
commencing one day prior to immunization and were scored daily. Shown are the means and SEM of scores from 
individual mice (n = 20-50 mice as indicated) from 10 independent experiments. ***p < 0.001 and ****p < 0.0001 
compared to vehicle control by 2-way ANOVA. (b & c) Clozapine treatment led to a dose-dependent reduction 
in overall disease burden as assessed by area under the curve (AUC) compared to the vehicle control and reduced 
peak disease score. Shown are the means and SEM of values from individual mice (n = 20-50/group as indicated 
in a). *p < 0.05, **p < 0.01 and ****p < 0.0001 compared to vehicle control by 1-way ANOVA with Holm-
Sidak’s multiple comparison test (b) or Kruskal-Wallis with Dunn’s multiple comparison test (c). (d & e) 
Clozapine reduces EAE severity when administered before or 12 or 20 days after immunization. Shown are the 
means and SEM of values from individual mice (n = 18-20/group, veh and d20; n = 10/group d-1 and d12) from 
3 independent experiments. *p < 0.05, **p < 0.01, and ***p < 0.001 by 2-way ANOVA with Fisher’s LSD test 
(d) and compared to vehicle control by 1-way ANOVA with Holm-Sidak’s multiple comparison test (e). Figure 
taken from accepted manuscript (L. Green et al., 2017). 
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Appendix II 

Flow cytometry gating strategies 

 

 

Gating strategy for identifying CD4 T cells in cell culture 

A Gating strategy for identifying dead and live cells from stimulated CD4 T cell cultures assessed by exclusion 
of Zombie NIR (Left). Overlay of Live and Dead cells by FSC-A vs SSC-A to show that dead cells (shown in 
red) are FSC-Alow and have a larger spread in SSC-A than live cells (shown in blue). B Firstly, singlets were 
gated by FSC-A v FSH-H and then live cells were identified by FSC-A and SSC-A based on size and granularity 
according  to A. Next, lymphocytes were identified by CD11b- and CD3+ followed by CD8 v CD4 
discrimination. Gating is shown sequentially from left to right and selected gates are outlined in red. 
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Gating Strategy for identifying Th1 cells after T cell differentiation 

Firstly, CD4 T cells were identified and gated as described above. Gates for T-bet and IFN-γ were set using 
stimulated samples as a positive control and unstimulated controls as a negative control as shown. Shown are 
representative dot plots identifying Th1 cells in media, Th1 (20 ng/mL rIL-12p70, 10 µg/mL anti-IL-4), Th17 
(5 ng/mL rTGF-β1, 20 ng/mL rIL-6, 10 µg/mL anti-IFN-γ) and Treg (5 ng/mL rTGF-β1, 10 µg/mL anti-IL-6, 
10 µg/mL anti-IFN-γ) after 72 hours. 
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Flow cytometry gating strategy for identifying Th17 cells 

Firstly, CD4 T cells were identified as described above. Gates for RORγT and IL-17A were set using stimulated 
samples as a positive control and unstimulated controls as a negative control as shown. Shown are 
representative dot plots identifying Th17 cells in media, Th1 (20 ng/mL rIL-12p70, 10 µg/mL anti-IL-4), Th17 
(5 ng/mL rTGF-β1, 20 ng/mL rIL-6, 10 µg/mL anti-IFN-γ) and Treg (5 ng/mL rTGF-β1, 10 µg/mL anti-IL-6, 
10 µg/mL anti-IFN-γ) after 72 hours. 
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Flow cytometry gating strategy for identifying Treg cells 

Firstly, CD4 T cells were identified as described above. Gates for Foxp3 were set using stimulated samples as 
a positive control and unstimulated controls as a negative control as shown. Shown are representative dot plots 
identifying Treg cells in media, Th1 (20 ng/mL rIL-12p70, 10 µg/mL anti-IL-4), Th17 (5 ng/mL rTGF-β1, 20 
ng/mL rIL-6, 10 µg/mL anti-IFN-γ) and Treg (5 ng/mL rTGF-β1, 10 µg/mL anti-IL-6, 10 µg/mL anti-IFN-γ) 
after 72 hours. Isotype control for mouse IgG1 anti-Foxp3 antibody as per gating strategy for identifying Th1 
cells shows no non-specific staining.  
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Rationale for identifying Foxp3+ Treg and RORγT+ Th17 cells in splenocytes ex vivo. 

CD4+ T cells were identified and gated as previously described. A-B Gating rationale for identifying Treg in 
the spleen. A Representative dot plot of CD25 v Foxp3 in the spleen of mice. B Representative dot plot of 
CD25 v Mouse IgG1 – AF647 isotype control (fluorescence minus one) from the same sample showing specific 
staining in A. C-D Gating rationale for identifying Th17 cells in the spleen. C Representative dot plot of 
RORγT v CD4 in the spleen of mice. D Representative dot plot of Mouse IgG1 – PE isotype control 
(fluorescence minus one) from the same sample showing specific staining in C. 
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Rationale for distinguishing infiltrating monocytes from CNS-resident microglia 

A-C Gating strategy to identify infiltrating monocytes and CNS-resident microglia. A Gating strategy for 
identifying monocytes and microglia (left to right). Single cells were gated by FSC-A v FSC-H (outlined in 
red). Live cells of interest (live) were identified by size and granularity using FSC-A v SSC-A to exclude dead 
cells and debris (outlined in red). Granulocytes were excluded from analysis by high Gr-1 expression using Gr-
1 v CD45 (outlined in red). B-C Representative dot plots from B healthy control (HC) or C EAE mice at 15 
d.p.i after gating as in A. These dot plots show that infiltrating monocytes (MO) are present in high proportions 
only in mice with EAE (C) while CNS-resident microglia (MG) are present in both HC and EAE mice. D-G 
Representative histograms of expression of D CD45, E CD11b, F MHC Class II (IA-IE) and G CD14 from 
microglia and monocytes in a mouse with EAE showing that MG express lower levels of CD45, CD11b, MHC 
Class II and CD14 than infiltrating monocytes consistent with previously published studies (Butovsky et al., 
2014; Hickman et al., 2013; Melief et al., 2012; Sedgwick et al., 1991). This demonstrates that the gating 
strategy used reasonably distinguishes microglia from infiltrating monocytes. 
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Histograms of CD14, CD80. CD86 and IA-IE expression in microglia and monocytes  

A-D Representative histograms of A CD14, B CD80, C CD86 and D IA-IE expression in microglia and 
monocytes from vehicle and clozapine treated mice with EAE compared to isotype controls to show specific 
staining of antibody. 
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Rationale for quadrant gating of IFN-γ+ and IL-17A+  CD4 T cells 

CD4+ T cells were first identified by the gating strategy previously described. A-B Rationale for gating 
quadrants to identify IFN-γ+ and IL-17A+ CD4 T cells in the spleen. A Representative dot plot of an EAE mouse 
using IFN-γ v IL-17A. B Representative dot plot of an EAE mouse using Rat IgG1 – PE isotype control v Rat 
IgG1 AF647 isotype control. Quadrant gates were set using A as a positive control and B as a negative control 
to identify IFN-γ+ and IL-17A+  T cells. 
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Appendix III 

Buffers and Solutions 

10x Phosphate buffered saline 

NaCl 170 g 

Na2HPO4.12H2O 62.32 g 

NaH2PO4.2H2O 4.04 g 

2 litres ddH2O 

 

Cryopreservation medium 

Foetal calf serum 90% 

DMSO 10% 

 

Lysis buffer 

HEPES 5 mM 

Tween-20 0.5% 

in PBS 

 

Percoll® Diluent (180 mL) 

10x PBS 45 ml 

0.6M HCl 3 ml 

ddH2O 132ml 

Sterile filter through 0.22 µM syringe filter 
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37% Percoll  

Percoll® 33.4% 

Percoll® diluent 19.6%  

PBS 47% 

 

FACS buffer (v/v) 

Foetal calf serum 2% 

Sodium azide (1 M) 0.1% 

PBS 97.9% 

 

Pertussis toxin buffer (50 mL) 

1M Tris 0.75 mL 

NaCl 0.025 mL 

Triton X-100 0.0085 mL 

ddH2O 49.2165 mL 

Sterile filter using 0.22 µm syringe filter 

 

Complete T cell media (CTCM; 582 mL) 

Dulbecco’s Modified Eagle Medium 500 mL 

Foetal calf serum 5 mL 

β-Mercaptoethanol (55 mM) 0.5825 mL 

Non-essential amino acids (10 nM) 5.825 mL 

L-glutamate (200 mM) 5.825 mL 
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HEPES buffer (1 M) 5.825 mL 

Penicillin/Streptomycin (100 U/ml/10 mg/ml) 5.825 mL 

 

Wash buffer (520.83 mL) 

Dulbecco’s Modified Eagle Medium 500 mL 

HEPES buffer (1M) 15.63 mL 

Penicillin/Streptomycin (100 U/ml/10 mg/ml) 5.2 mL 

 

MTT Solution 

MTT (in PBS) 5 mg/mL 

Sterile filter through 0.22 µM syringe filter 

 

MTT Solubiliser 

SDS 10% 

DMF 45% 

dH20 45% 

pH to 4.5 with acetic acid 

 

ELISA capture buffer 

0.1M Na2HPO4  

pH to 9.0 

 

ELISA stop solution 
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0.18M H2SO4 

 

Isolation buffer (50 mL) 

Foetal calf serum 1 mL 

0.5M EDTA 200 µL 

PBS 48.8 mL 

 

4% Paraformaldehyde (w/v) 

Paraformaldehyde 4 g 

PBS up to 100 mL 

pH adjusted to 7.4 

 

30% Sucrose 

Sucrose (w/v) 30% 

PBS 70% 

 

 

Appendix IV 

Antibodies and Dyes 

Antibody Clone Fluorophore Isotype Manufacturer Dilution 

CD3 17A2 APC/Cy7 Rat IgG2b, κ Biolegend, CA 1:200 

CD4 GK1.5 BV421 Rat IgG2b, κ Biolegend, CA 1:400 
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CD4 GK1.5 PE Rat IgG2a, κ BD Pharmingen, NJ 1:800 

CD8 53-6.7 PerCP-Cy5.5 Rat IgG2a, κ Biolegend, CA 1:800 

CD11b  M1/70 AF488 Rat IgG2b, κ Biolegend, CA 1:1000 

CD11b M1/70 PE/Cy7 Rat IgG2b, κ Biolegend, CA 1:1000 

CD14 RTK2758 PE/Cy7 Rat IgG2a, κ Biolegend, CA 1:1000 

CD25 PC61 AF488 Rat IgG1, λ Biolegend, CA 1:400 

CD80 16-10A1 PE 

Armenian Hamster 

IgG Biolegend, CA 1:100 

CD86 GL-1 PE Rat IgG2a, κ Biolegend, CA 1:100 

CD40 3/23 PE Rat IgG2a, κ BD Pharmingen, NJ 1:100 

CD45 30-F11 BV510 Rat IgG2b, κ BD Pharmingen, NJ 1:400 

CD45.1 A20 PE Mouse IgG2a, κ BD Pharmingen, NJ 1:400 

CD45.2 104 APC Mouse IgG2a, κ BD Pharmingen, NJ 1:400 

F4/80 BM8 PerCP-Cy5.5 Rat IgG2a, κ 

Thermo Fisher 

Scientific, MA 1:400 

Gr-1 RB6-8C5 APC-Cy7 Rat IgG2b, κ BD Pharmingen, NJ 1:400 

IA/IE M5/114.15.2 BV421 Rat IgG2b, κ Biolegend, CA 1:400 

Biotin Vβ 11 RR3-15 - Rat IgG2b, κ BD Pharmingen, NJ 1:400 

Vα3.2  RR3-16 FITC Rat IgG2b, κ BD Pharmingen, NJ  

rabbit anti 

D1R - - Rabbit IgG Merck Millipore, MA 1:100 

rabbit anti 

D2R - - Rabbit IgG Merck Millipore, MA 1:100 

rabbit anti ß2 

AR - - Rabbit IgG 

Abcam, Cambridge, 

UK 1:100 

Goat anti-

rabbit IgG - FITC Goat IgG BD Pharmingen, NJ 1:100 
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Intracellular 

Molecules Clone Fluorophore Isotype Manufacturer Dilution 

FoxP3 150D AF647 Mouse IgG1, κ Biolegend, CA 1:100 

IFN-γ XMG1.2 PE Rat IgG1 BD Pharmingen, NJ 1:100 

T-bet O4-46 AF647 Mouse IgG1 BD Pharmingen, NJ 1:100 

RORγT Q31-378 PE Mouse IgG2a BD Pharmingen, NJ 1:100 

IL-17A 

TC11-

18H10 APC Rat IgG1 BD Pharmingen, NJ 1:100 

      

Isotype 

Controls Clone Fluorophore Isotype Manufacturer Dilution 

Control R3-34 PE Rat IgG1, κ BD Pharmingen, NJ To match Ab 

Control RTK2758 PE Rat IgG2a, κ BD Pharmingen, NJ To match Ab 

Control RTK2071 APC Rat IgG1, κ BD Pharmingen, NJ To match Ab 

Control HTK888 PE 

Armenian Hamster 

IgG Biolegend, CA To match Ab 

Control MOPC-21 AF647 Mouse IgG1, κ Biolegend, CA To match Ab 

Control RTK4530 BV421 Rat IgG2b, κ Biolegend, CA To match Ab 

Control RTK2758 PE/Cy7 Rat IgG2a, κ Biolegend, CA To match Ab 

Control RTK2758 PerCP/Cy5.5 Rat IgG2a, κ Biolegend, CA To match Ab 

Control MOPC-173 PE Mouse IgG2a, κ Biolegend, CA To match Ab 
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Appendix V 

ELISA Reagents and concentrations 

IFN-γ ELISA Reagents 

Reagent Concentration Diluent Incubation 

Purified rat anti mouse 

IFN-γ (BD Biosciences, 

CA) 

1 µg/mL 0.1 M Na2HPO4, pH 9.0 overnight 4°c  

Block (FCS) 10% PBS pH 7.4 2 hours RT 

Top standard (rIFN-γ) 4 ng/mL PBS + 5% FCS 2 hours RT 

Biotinylated rat anti IFN-

γ  

(BD Biosciences, CA) 

125 ng/mL PBS + 5% FCS 1 hours RT 

SA-HRP  

(BD Biosciences, CA) 

1:2000 PBS + 5% FCS 1 hour RT 

 

IL-12 ELISA Reagents 

Reagent Concentration Diluent Incubation 

Purified rat anti mouse 

IL-12 p40/70  

(BD Biosciences, CA) 

1 µg/mL 0.1 M Na2HPO4, pH 9.0 overnight 4°c 

Block (FCS) 10% PBS pH 7.4 2 hours RT 

Top standard (rIL-12p40) 4 ng/mL PBS + 5% FCS 2 hours RT 

Biotin rat anti IL-12  

(BD Biosciences, CA) 

1 µg/mL PBS + 5% FCS 1 hour RT 

SA-HRP  

(BD Biosciences, CA) 

1:2000 PBS + 5% FCS 1 hour RT 
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IL-10 ELISA Reagents 

Reagent Concentration Diluent Incubation 

Purified rat anti mouse 

IL-10  

(BD Biosciences, CA) 

5 µg/mL 0.1 M Na2HPO4, pH 6.0 overnight 4°c 

Block (FCS) 10%  PBS pH 7.4 2 hours RT 

Top standard (rIL-10) 25 ng/mL PBS + 5% FCS 2 hours RT 

Biotinylated rat anti 

mouse IL-10  

(BD Biosciences, CA) 

0.25 µg/mL PBS + 5% FCS 1 hour RT 

SA-HRP  

(BD Biosciences, CA) 

1:1000 PBS + 5% FCS 1 hour RT 

 

 

IL-17A ELISA Reagents 

Reagent Concentration Diluent Incubation 

Purified rat anti mouse 

IL-17A 

1 µg/mL 0.1 M Na2HPO4, pH 9.0 overnight 4°c 

Block (FCS) 10% PBS pH 7.4 2 hours RT 
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Top standard (rIL-17A 2 ng/mL PBS + 5% FCS 2 hours RT 

Biotinylated rat anti 

mouse IL-17A  

(BD Biosciences, CA) 

1 µg/mL PBS + 5% FCS 1 hour RT 

SA-HRP  

(BD Biosciences, CA) 

1:1000 PBS + 5% FCS 1 hour RT 

 

 

 

 

 

 

 


